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PART 1. INTRODUCTION 
The soluble salts of ethylenediaminetetraacetic acid 
(EDTA) and nitrilotriacetic acid (NTA) have wide industrial 
and agricultural applications. NTA is becoming increasingly 
well known because of its potential use as a partial substitute 
for polyphosphates in the detergent industry. Because of the 
comparatively low cost of manufacture and the high chelating 
power, increasing quantities of NTA have been used for deter­
gent formulations since 1966. 
EDTA and NTA are now widely employed in agriculture as 
carriers for micronutrients (Zn, Mn, Fe, Cu, Mo). NTA chelated 
micronutrients have been mostly granular formulations for zinc 
and iron; EDTA chelated micronutrients, which have been in use 
for a longer period of time than NTA, include powdered, granu­
lar, and liquid formulations for iron,- zinc,- copper, and 
manganese. 
EDTA is used as a food preservative. Both chelates find 
extensive use for removal of hardwater scales from industrial 
plants. NTA has been used for 2,4-D herbicide concentrates 
which are completely soluble in water. 
In aqueous solutions, chelating agents such as EDTA and 
NTA form strong, soluble complexes with polyvalent cations and 
thereby eliminate the detrimental effects often caused in 
aqueous systems by metallic impurities. The dyeing, textile 
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processing, tanning, and photographic industries use those 
chelates for the removal of metal-ion contaminations in their 
sources of water. But the addition of such compounds to soils 
or natural waters by detergent products released from sewage 
treatments could cause adverse effects by binding cations 
associated with soil or sediment phosphate and releasing the 
phosphate to the aqueous phase of the soil-water or sediment-
water systems. This release of phosphate may lead to eutro-
phication of water resources by phosphate derived from soils 
and sediments. 
Since NTA complexes iron, aluminum, calcium, magnesium, 
and other metals, information concerning its effects on the 
release of phosphate associated with these metal ions in 
soils or river, and lake sediments, is of vital importance 
in relation to possible use of this compound as a substitute 
for phosphates in detergents. On the other hand, the ability 
of EDTA and NTA to bind Fe, Al, Ca, Mg, and other metal ions 
makes them potentially useful extractants for the study of 
phosphates in soils and, possibly, in soil testing for 
fertilizer recommendations. Also, these compounds could serve 
as a single extractant for the determination of not only phos­
phates but also other ions of interest in soils, particularly 
the micronutrient elements. 
A few attempts have been made to use EDTA to bind the 
various metal ions in soils and thereby release the phosphate 
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associated with these metal ions. But difficulties have been 
encountered in the determination of the released phosphate 
because EDTA interferes with phosphomolybdenum color developed 
in the colorimetric methods employed for determination of 
phosphate. Probably because of this difficulty, very few 
investigations have been conducted to determine the potential 
use of these chelates in the characterization of soil phos­
phates, although EDTA has been widely employed for the ex­
traction of some micronutrients from soils. To my knowledge 
NTA has not been used in studies related to phosphates in soils. 
The objectives of this investigation were: 
(a) to develop a satisfactory colorimetric method for the 
determination of phosphates in aqueous solutions and soil ex­
tracts of EDTA and NTA; 
(b) to study the factors that affect the release of soil 
phosphates by EDTA and NTA solutions; 
(c) to investigate any possible relationships between 
EDTA- and NTA-extractable phosphates and calcium, magnesium, 
iron, and aluminum ions in the surface and subsoils of the 
major soil types in Iowa. 
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PART 2. LITERATURE REVIEW 
Chemistry of Soil Phosphates 
Since the investigation is related to inorganic phos­
phates in soils, it is essential that some aspects of the 
chemistry of inorganic phosphates in soils be reviewed. In 
addition, the literature related to the use or potential use 
of chelates in studies of soil phosphates will be surveyed. 
Forms of inorganic phosphates in soil 
Phosphorus compounds in soils can be classified into two 
broad categories: "organic and inorganic. The relative amounts 
of these two categories in a given soil depend on the organic 
matter content and the age of the soil. The insoluble or 
slightly soluble forms of inorganic P in soils include the 
oxy- and hydroxy-phosphates of Fe"*"^, Fe^^, Al^^' Mg*^' Ca^^, 
+2 +4 
Mn , and Ti . Of the above, iron, aluminum, and calcium 
phosphates will predominate. However, magnesium phosphates 
may be important in soils derived from dolomite. 
In acid soils, aluminum and iron phosphates are the domi­
nant fractions. Of the various iron oxides in highly weathered 
soils, goethite FeCOH)^ is the most stable. Gibbsite, AKOH)^/ 
is the most stable form of the aluminum compounds. Therefore, 
these two compounds would be expected to control the solu­
bility of iron and aluminum phosphates in acid soils. Also 
postulated to be present in acid soils are variscite. 
« 
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AlPO^-2 HgO, and strengite, FePO^'ZH^O. This postulate is 
supported by the solubility product calculations of Lindsay 
and Moreno (1960) . But Bache (1963) found that in pure 
systems only at pH less than 3.1 does the solubility of 
variscite control the P concentration. At higher pH values 
he found that variscite dissolved with the formation of 
aluminum hydroxyphosphate. He stated that strengite was 
never likely to be in equilibrium with any soil solution, 
but could be associated with colloids as surface complexes. 
In alkaline soils the native minerals are largely hydroxy-
apatite Ca^Q (PO^) g (OH) 2 » fluor apatite Ca^^Q (PO^) gF2, or mixtures 
of both (Bassett, 1917) . Smith and Lear (1966) identified some 
carbonate apatites and some substituted fluorapatite in which 
carbonate plus fluorine replaced some phosphates and sodium 
and magnesium replaced some calcium. Larsen (1967) in a review 
of soil phosphorus suggested that there was no reason to assume 
any calcium phosphate other than hydroxy-phosphate is permanent­
ly present in slightly acid, neutral, and alkaline soils. The 
effect of carbonate on hydroxyapatite was to make it more 
chemically reactive. 
The different forms of inorganic P are associated with 
different mineral fractions of the soil. Most of the in­
organic P occurs in clay fractions. Hanley and Murphy (1970) 
analyzed the phosphate forms in particle-size separates in 
twenty-four Irish soils and found all forms of P were highest 
in the clay fraction and lowest in the sand. The inorganic 
P of clays and silt was mainly iron phosphate whereas calcium 
phosphate was dominant in sand. 
In soil solutions the ionic species is the most 
abundant in the pH range most encountered in soils. 
predominates in the pH range of 5 to 7 while HPO^~ pre­
dominates in the pH range of 7 to 9. The concentration of 
PO^-P in the soil solution is usually less than 0.1 ppm and 
rarely exceeds 1 ppm (Black, 1968? Pierre et al., 1932). 
Characterization of soil phosphates 
In order to understand more fully the nature and reac­
tions of phosphorus in the soil, several methods have been 
employed in the study of the transformations of added P com­
pounds to soil and in the characterization of native soil 
phosphorus. These methods include pétrographie microscopy, 
x-ray diffraction, and extraction procedures. Each of these 
methods has its drawbacks. In soil most of the inorganic P 
occurs in clay fractions from which it cannot be separated by 
physical means. Since the amount of native P minerals, com­
pared to other materials, is usually small, direct means of 
determination and identification by optical methods and x-ray 
diffraction analysis cannot be used without prior concen­
tration. However, concentration causes changes in P forms. 
The extraction method also has been criticized because it causes 
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redistribution of soil-P compounds during extraction. More­
over, they do not act specifically on single compounds. De­
spite their limitations these methods have been widely used to 
characterize P compounds in soils. Where P has recently been 
added to characterize P compounds in soils, optical methods 
and x-ray diffraction analysis can be easily used to identify 
new products. This is possible because of the greater abun­
dance of freshly formed P minerals. Thus, Bell and Black 
(1970a,b,c) have investigated, by microscopic examination and 
x-ray diffraction, the transformations in soil of dicalcium 
phosphate dihydrate, octacalcium phosphate, and orthophosphate 
compounds of calcium and ammonia. Bell and Black {1970a) 
also compared pétrographie microscopy and x-ray diffraction 
methods and concluded that the pétrographie method was much 
better than x-ray diffraction analysis. 
The most widely used methods for the study of soil P 
forms are the chemical or extraction procedures. In the first 
type of chemical method various soils and known phosphate 
minerals are equilibrated with solutions of different pH. 
After equilibration the phosphorus concentrations in solution 
are plotted against equilibrium pH. The shapes of the curves 
for both soils and known minerals are compared. Dilute hydro­
chloric acid and sodium hydroxide are used for solubilizing the 
minerals. Calcium phosphates are more soluble in dilute 
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hydrochloric acid, whereas, aluminum and ferric compounds 
are more soluble in dilute sodium hydroxide. 
The second widely used chemical method is the extraction 
procedure of Chang and Jackson (1957), or slight modifications 
of it. This method consists of extracting soil consecutively 
with different solutions, each of which is designed to remove 
the phosphorus present in a known mineral form. Normal 
ammonium chloride, half-normal ammonium fluoride, tenth-normal 
sodium hydroxide, half-normal sulfuric acid, three-tenth 
molar sodium citrate plus sodium dithionite, and half-normal 
ammonium fluoride are used in consecutive extractions of a 
soil- These extractants are supposed to remove water-soluble 
phosphate, aluminum phosphates, iron phosphates, calcium phos­
phates, occluded iron phosphates, and occluded aluminium 
phosphates, respectively. Occluded phosphate is very inert. 
Chang and Jackson expected that Ca-bound phosphates would 
dominate in youthful soils of neutral and slightly alkaline 
pH, Al-bound phosphates in highly weathered soils. 
The third method in the chemical characterization of soil 
phosphates is that of solubility product. Here the ion-activ­
ity products calculated for solutions in equilibrium with a 
soil are compared with the solubility product constants for 
known phosphate minerals. If an agreement is obtained the 
phosphate in question is inferred to be present in the soil. 
For instance, the dissolution of dicalcium phosphate dihydrate 
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may be represented as: 
CaHPO^-2 H^O = Ca"'"^ + HPO^^ + 2 HgO. 
The solubility-product constant, K, is given by pK = pCa + 
pHPO^, where p is the negative logarithm of the ionic activity 
and the activity of H^O is assumed to be one. If there are 
more than one phosphate species then a set of simultaneous 
equations need to be solved to obtain the solubility-product 
constants for all the phosphate species. Lindsay and Moreno 
(1960) have listed the values of solubility-product constants 
for most of the phosphate minerals that have been identified 
in soils. The ion-activity method has many complications. 
First, there is the matter of pH-dependent equilibrium among 
the various phosphate ions in solution. Second, there is 
the problem of correcting for activity coefficients which 
is very complex. Third, the attainment cf equilibrium, on 
which all calculations are based, is rarely ever attained. 
The solubility-product method may be applied to soil 
studies by plotting phosphate potential, ^ Ca + pHgPO^, 
against lime potential, pH - ^ pCa. If the values found in soil 
fall on theoretical values found for pure calcium phosphates 
then it may be inferred that phosphate was present in the soil. 
Similarly, for aluminum phosphates one may plot |pAl + pHgPO^ 
against pH - ^ Al. 
In general the solubility-product method has not been 
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very successful as a method for characterizing soil phos­
phates. It is based on the assumption that the phosphate-
equilibrium concentration is governed by slightly soluble 
crystalline calcium, aluminum, and iron phosphate compounds. 
Because the values of the observed and theoretical solu­
bility-product constants often do not agree, Murrman and Peech 
(1969a) have hypothesized that it is the amount of "labile" 
phosphates rather than the solubility of some crystalline phos­
phates that determines the phosphate concentration in soil 
solutions of different pH values. They showed that phosphate 
concentrations in the extracts of acid and limed soils to which 
no phosphate had been added for at least five years prior to 
sampling corresponded closely to the predicted solubility of 
variscite and fluorapatite, respectively, but when the pH of 
each soil was varied by the addition of hydrochloric acid or 
calcium hydroxide, the phosphate concentration was determined 
by the amount of "labile" phosphate as determined by isotopic 
dilution technique. In another experiment Murrman and Peech 
(1969b) found that the rates of dissolution of variscite and 
strengite in alkaline soils and hydroxyapatite in acid soils 
were too slow to account for the replenishment of phosphate 
concentration in soil solution. This was further taken as 
evidence of greater importance of labile phosphorus over 
crystalline phosphate compounds in the control of phosphate 
concentration in the soil solution. More work needs to be 
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done to resolve these points. 
Adsorption of phosphates 
The classical adsorption equations of Freundlich and 
Langmuir are often applied to the surface interaction between 
soil colloids and phosphate solutions. Of the two the 
Langmuir equation has been more widely employed (01sen and 
Watanabe, 1957; Ballaux, 1972). The Freundlich equation is 
empirical and does not have any particular physical model. 
The Langmuir model, first applied to the adsorption of gases 
on solid surfaces may be represented in its linear form as : 
c = + £ 
x/m Kb b 
where 
x/m = ygP adsorbed per gram of soil 
b = adsorption maximum 
c = equilibrium phosphate concentration 
k = constant related to the bonding energy 
of soil for phosphate ions. 
Though the Lamgmuir model fits the sorptive patterns of 
gases on solid surfaces, its rigorous application to the 
sorption of phosphate by soils is dubious. Gunary (1970) has 
pointed out that the Langmuir equation does not fit all soils. 
The main problem with the use of the model is that the calcu­
lated maximum depends on the maximum value of the P concentra-
12 
tion because of the convex nature of the curve. Gunary there­
fore proposed another model. 
f= 5^J 
where 
y = adsorbed phosphate 
c = equilibrium phosphate concentration 
g = adsorption maximum 
A,B,D are constants 
In Gunary's equation, as C tends to infinity, y approaches 
4.- the maximum. The inclusion of a square root implies that 
the soil will absorb a little phosphate firmly, a slightly 
greater amount less firmly and so on until a limiting value 
is reached where the system becomes saturated, "sing the 
above equation, Gunary was able to explain 99.8% of adsorbed 
phosphates in the soils he studied. Also the calculated 
maximum using the modified equation was 1.4 to 2.4 times those 
calculated with the Langmuir equation. However, there is no 
theoretical foundation for the equation. 
Fixation of phosphates 
There has been some confusion in the use of the term 
"fixation" as applied to phosphates in soils. The confusion 
arises partly as a result of the different behavior of native 
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soil phosphates and the reaction products of applied phosphate 
fertilizers. Native soil phosphates are only very slowly 
available to plants. Also after many years, added P fertil­
izer may be slowly reverted to unavailable forms. When a 
water-soluble phosphate compound is added to soil, it is 
rapidly converted to slightly soluble forms (Bell and Black, 
1970b) but the reaction products are not necessarily unavail­
able to plants. Juo and Ellis (1968) showed that colloidal 
iron and aluminum phosphates formed as reaction products of 
water-soluble P fertilizer in acid soils were quite available 
to sudangrass. Although the literature contains numerous 
studies on phosphate fixation, it is difficult in many 
instances to know what is actually measured. 
The confusion in the use of "fixation" also arises 
because the mechanism of phosphate fixation by soils has not 
been clarified. In particular there is the question whether 
fixation is an adsorption or a precipitation reaction. Wild 
(1950) reviewed the retention of phosphates by soils. Recog­
nizing that plants are active in nutrient absorption (probably 
through the secretion of acids) he defined "fixation" as any 
change that phosphate undergoes in contact with the soil, 
which reduces the amount the plant roots can absorb. Low and 
Black (1947) working with kaolinite clay showed that the 
addition of phosphate to the clay brought a tremendous amount 
of silica into solution and a disintegration of the clay. This 
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was taken as at least one of the mechanisms for phosphate 
"fixation" - the precipitation of phosphates by aluminum. 
Several theories have been advanced to explain phosphate 
fixation. More recently Hsu (1965) has examined the ad­
sorption and precipitation theories. He concluded that: 
(i) physical adsorption is of little importance in 
phosphate fixation, implying that fixation is chemical in 
nature. 
(ii) adsorption and precipitation are the results of 
the same chemical force. 
(iii) adsorption is a special case of precipitation in 
which phosphate replaces Si or OH in the Si-O-Al or Al-OH 
linkages leaving Al (or Fe) still in the clay lattice. This 
process is identical to the so-called isomorphous substitution. 
(iv) precipitation occurs when phosphate removes Al (or 
Fe) completely from the clay lattice and reprecipitates it in 
a new phase. 
Fixation has two stages. Stage one is fast and is com­
plete within minutes or a few hours. This first stage is 
probably adsorption. The second stage which is very slow 
(Hsu, 1965) is then precipitation. Adsorption, therefore, 
appears to be a prerequisite for "fixation". 
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Chemical index for available P 
The need to measure available soil phosphorus has long 
been recognized by soil scientists. Available phosphorus 
is defined as a fraction of total phosphate pool in soil which 
a plant can use in a growing season. Schofield (1955) proposed 
that the measurement of phosphate potential of the soil solu­
tion be used as an index of soil phosphate availability. He 
1 
suggested that phosphate potential ^Ca + pHgPO^ be measured 
in O.OIM CaClg soil extract. Problems associated with this 
proposal include measurement of very low P concentrations in 
the soil solution, lack of equilibrium, and the influence of 
soil: solution ratio on P concentration. In any case Wild 
(1964) showed that plant uptake of P correlates more with P 
concentration than with phosphate potential. 
As the knowledge of phosphate chemistry has advanced, 
a scheme has been proposed for the soil processes that affect 
plant uptake of nutrients from the soil (Gunary and Sutton, 
1967; Fried and Broeshart, 1967) . The scheme proposed by 
Gunary and Sutton for phosphate in soil is shown below. 
^soil 
!2 , 
K, solution (near surface) 
' J diffusion 
I 
solution (near root) 'plant 
P I . . |3 P 
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For most situations the system involves 
a) capacity factor 
b) intensity factor 
c) rate factors, K^, and 
d) diffusion 
The intensity factor is synonymous with concentration. The 
capacity factor is a measure of the quantity of the soil 
phosphates that will be released by the colloids as the 
intensity around plant roots is reduced. 
Interest in the measurement of available P has been 
mostly confined to the estimation of the capacity factor 
which has been estimated in many ways. 
The first is the determination of labile P by isotopic 
dilution. Labile P is supposed to measure a fraction of the 
solid phase P that will readily transfer into solution when the 
concentration of the solution is reduced. In the isotopic di-
32 lution method a known amount of P is added to and equilibra­
ted with soil for an arbitrary length of time, usually 24 
hours. After this time the solution is analyzed to find how 
much of the radioactive phosphorus has exchanged with soil 
phosphates. Labile P may be calculated from the 
relationship below. 
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31 P 32 P 
solid solid 
31 P 32 P 
solution solution 
The limitations of this method are that equilibrium is not 
obtained and the value obtained depends on the period of ex­
change. Also for soils containing either undecomposed organic 
matter or rock phosphates, which do not exchange with phos-
phorus-32 but break down slowly with time with the release of 
phosphorus-31, laboratory measurements of labile P will be 
lower than other estimates, such as greenhouse. Amer et al. 
(1969) have pointed out that in the presence of high phosphate-
fixing compounds labile P may be overestimated especially if 
carrier-free phosphorus-32 is used. They found a higher 
specific activity in the solid phase than in the solution. 
Lastly the method is not suitable for routine laboratory 
analysis. 
A second method employed in the estimation of phosphate 
capacity of soils is resin extraction. Strong-base types, 
especially the chloride form, are used. Resin beads (less than 
30 mesh) which should be larger than the soil particles are 
equilibrated with the soil after which the resin is separated 
from soil particles by sieving. The adsorbed phosphate on the 
resin is removed with an electrolyte (e.g., Na2S0^) and deter­
mined. The resin method has the advantages that it has little 
effect on the soil pH and does not interact with the soil 
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colloids. But the practical use of it is discouraged because 
of the tedious nature of the procedures involved. 
The most widely used method for the estimation of the 
capacity factor and available P is that of chemical extraction. 
Olsen et al. (1954) listed four requirements for a good extractant. 
(i) the extractant should measure all or a definite propor­
tion of the various forms of P in the same relative amounts 
that they are absorbed by plants during the growing season. 
(ii) the P values should correlate to a high degree 
with plant uptake of P and yield response of added phosphorus. 
(iii) there should be a minimum of secondary precipita­
tion during extraction. 
(iv) method should be adaptable to routine laboratory 
tests. 
Different extractants have been used in various parts of 
the country. The most commonly used are: 
0.002 N HgSO^ (Truog, 1930) 
0.05 N HCl + 0.025 HgSO^ (Method of Mehlich cited by 
Thomas and Peaslee, 1973, p. 124) 
0.71 M NaOAc in 99% HOAc (Peech and English, 1944) 
0.5 M NaHCOg, pH 8.5 (Olsen et al., 1954) 
0.03 N NH^F in 0.025 N HCl (Bray and Kurtz, 1945) 
0.03 N NH^F in 0.1 N HCl (Bray and Kurtz, 1945) 
0.5 N NH^F in 0.1 N HCl (Bray and Kurtz, 1945) 
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Acid extractants, especially if they are dilute, will be 
unbuffered and the final pH of the solution (after extraction) 
will increase. But they have been widely used on highly 
weathered soils. Comparison of the effectiveness of the vari­
ous extractants have been made by Chang and Juo (1962) working 
in Taiwan with 26 soils with a pH range of 4.3 to 7.5. Based 
on correlation coefficients they concluded that all the above 
extractants were equally good on soils predominating in iron 
phosphates. On soils with predominantly calcium-bound phos­
phates, acid extractants gave similar results. The carbonate 
and fluoride extracting agents determine aluminum-bound but 
no calcium-bound phosphates. The sodium acetate-acetic acid 
extractant was suitable where both calcium- and iron-bound 
phosphates predominate. Williams and Cooke (1965) found that 
the bicarbonate extractant was the best in measuring the 
responsiveness of potatoes to soil-P compared to hydrochloric 
acid, sulfuric acid, citric acid and sodium acetate extractants. 
All extractants remove not only part of the quantity fac­
tor but also any P in solution though the intensity factor 
is usually very low. 
The use of different extractants in different areas makes 
comparison of phosphate values for soils a difficult task. 
The ideal extractant should satisfy all of the requirements 
suggested by Olsen et al. (1954). In addition, it should 
work well in acid, alkaline, or calcareous soils. 
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Forms of P removed by different extractants 
The amounts of inorganic P in soil are a function of 
the parent material and the forms of P are a function of the 
weathering of the soil. Thus, calcium phosphates are in young­
er soils while iron and aluminum phosphates tend to accumulate 
in highly weathered soils or in accumulation zones of leached 
profiles. 
Because of differences in the forms of P, the sorptive 
power, and fixation capacity of soils of different regions, 
extractants for P tests generally have been chosen to extract 
the most dominant form of P in the soils of that region. 
Hydrogen ions greatly increase the solubility of all calcium 
phosphates, including basic calcium phosphates such as hydroxy-
apatites. Hydrogen ions also attack aluminum and iron phos­
phates. The rate of dissolution of aluminum phosphate is some­
what slower than that of hydroxyapatite, and iron phosphates 
are dissolved very slowly by acids. The order of dissolution 
of these phosphates by hydrogen ions is Ca-P > Al-P > Pe-P 
(Thomas and Peaslee, 1973). 
Hydroxyl ions have little effect on basic calcium phos­
phates (Dean, 1938) but will dissolve iron and aluminum phos­
phates in that order. But strong hydroxide solutions also 
peptize organic matter and release organic phosphates which 
are difficult to separate from inorganic phosphates. Therefore 
the use of hydroxides is not practical especially in soil 
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with high organic matter content. 
The fluoride ion in a neutral solution precipitates 
soluble calcium as CaFg and thus will extract the more soluble 
calcium phosphates such as CaHPO^. The fluoride ion also 
complexes aluminum strongly and frees the phosphate formerly 
bonded to aluminum. Therefore F~ is specific for Al-P and 
CaHPO^ but it will not extract iron phosphates and basic 
calcium phosphates unless the fluoride solution is acidified. 
The bicarbonate ions have the property of precipitating 
calcium as calcium carbonate thus making the more soluble 
calcium phosphates extractable by lowering Ca** activity. 
In addition they remove A1-bound phosphates probably by re­
placement and precipitation reactions because of the alka­
linity of the sodium bicarbonate solution. Bicarbonate ions 
do not attack basic calcium phosphates or iron and aluminum 
phosphates covered with oxide coatings (Thomas and Peaslee, 
1973)• The bicarbonate and fluoride ions appear to remove 
about the same phosphate compounds. 
Some attempts have been made to correlate different 
chemical forms of P with different extractants used in soil 
P tests. Suzuki et al. (1963) noted that O.lN HCl-extractable 
P was positively correlated with Ca-P whereas P extracted by 
NaHCOg was negatively correlated with Ca-P in 17 Michigan soils 
ranging in pH from 4.8 to 7.8. Al-P was found to be the main 
source of available P. Work on some California soils by 
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Pratt and Garber (1964) showed that NH^F-HCl- and NaHCO^-
extractable P was correlated with NH^F-extractable P. 
In Virginia soils. Martens et al. (1969) reported that Al-P 
was most closely correlated with NH^F-HCl-extractable P in 
all soils studied; for some soils Ca-P and Al-P controlled 
the P extracted by HCl-HgSO^ extractant. But in Indiana soils 
Al-P and Fe-P were about equally correlated with P extracted 
by NaHCOg and NH^F-HCl as noted by A1 Abbas and Barber 
(1964). 
It seems that NH^Cl^extractable P and Al^P are 
effectively extracted by NH^F-HCl, NaHCO^, and HgSO^-HCl 
methods. The extraction of Al-P is in decreasing order of 
efficiency; NH^F-HCl > NaHCO^ > HgSO^-HCl. The efficiency 
of these reagents in the extraction of Ca-P is in the re­
verse order (Thomas and Peaslee, 1973). 
Alexander and Robertson (1972) obtained high positive 
correlation between 5 mM EDTA-extractable P and Al-P, Fe-p 
and Fe-P + Al-P. The simple correlation coefficients were 
0.82, 0.96, and 0.95, respectively. The correlation with 
Ca-P was -0.29. The pH of the extract was between 4.4 and 4.7 
except for the calcareous soils. This is the only reported 
work on the correlation of EDTA-extractable P and different 
metallic P fractions. 
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Effect of varying acidity on the solubility of P 
The forms of inorganic P in a soil may be inferred from 
the solubility of the soil P at different pH values and from 
knowledge of, or comparison with, known phosphate compounds 
and minerals. This approach has been used by Burd (1948). 
He extracted P from kaolinitic and alkaline soils with dilute 
HCl or NaOH solutions ranging from pH 3 to pH 12. His re­
sults showed that for calcareous soils there was a sharp 
increase in P extracted as the pH of equilibrium solution 
decreased. The minimum P concentration was at about pH 6.5. 
Kaolinitic soils (with hydrated iron and aluminum) showed a 
sharper increase in P concentration with an increase in the 
pH of the equilibrium solution than with a decrease in the pH 
of the extract. 
Teakle (1928) added CaCl^, FeCl_. AlCl- and MnCl^ to 
NaHgPOg solutions and determined the P and the equilibrium pH 
after one week. He found that Fe-PO^ had minimum solubility 
at pH 3 while Ca-PO^, Al-PO^, and Mn-PO^ showed a minimum 
solubility at pH of 6.5. The work showed that iron in combina­
tion with phosphate is important in controlling phosphate 
solubility at low pH values. Under conditions of less acidity 
the hydroxide is formed at the expense of iron phosphate. 
Calcium and magnesium in neutral and slightly alkaline soils 
reacted with and precipitated phosphate ions. Under slightly 
acid conditions Ca-phosphates were soluble. He suggested 
24 
that Mn and A1 were probably important in maintaining a low 
phosphate concentration in soil solution. 
Stelly and Pierre (1942) compared the solubilities of 
known phosphate minerals and inorganic phosphates in soils as a 
function of pH. Soil samples from the C horizons of some 
Iowa soils. Clarion, Marshall, Tama, Fayette, and Wei1er, were 
extracted with dilute HCl or NaOH. Results of the study on 
known phosphate mineral forms showed that apatite Ca^(PO^) 
was more soluble at low than at high pH values; the minimum 
solubility was obtained at pH 6.5. The phosphate in aluminum 
phosphate such as variscite, AlPO^* 211^0, was more soluble at 
pH 7 or higher than at lower pH values. Minimum solubility 
of the Al-P compounds occurred between pH 5 and 6. Iron 
minerals such as vivianite, Fe^fPO^lg'SHgO, released high 
amounts of P at low and high pH values, with a minimum at 
pH 6.5. In summary, they found that calcium phosphates were 
very soluble under acid conditions of pH 4 or less and very 
insoluble at high pH. Aluminum phosphates were much more 
soluble at alkaline pH than at acid pH. Iron phosphates were 
very soluble in both very acid and very alkaline conditions. 
Based on the results of the known phosphate minerals and the 
P solubility curves in soils, Stelly and Pierre (1942) inferred 
the presence of calcium phosphate in Clarion subsoil, tri-
calcium phosphates and possibly aluminum and iron phosphates 
in Tama and Marshall soils, and iron phosphate mineral 
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(vivianite) in Fayette and Weller soils. 
Principles of Chelation Chemistry 
Introduction 
A chelate is a compound that is capable of forming a ring 
structure with metallic ions through hydrogen or covalent 
bonding. Chelation may be defined as an equilibrium reaction 
between a metal ion and a complexing agent (chelate), charac­
terized by the formation of more than one bond between the 
metal ion and a molecule of the complexing agent, and result­
ing in the formation of a ring structure incorporating the 
metal ion. 
The reaction between a metal ion and a chelate may be 
represented as; 
Chelate + Metal Icn <• Metal Chelate + Acidity 
Since the reaction is reversible it can be made to go in either 
direction by adding or neutralizing the hydrogen ions. The 
equation also gives the theoretical information that a metal-
chelate complex will tend to be more stable in alkaline 
than in acidic medium. 
Factors affecting the reaction between a chelate and a metal ion 
One of the most important factors that influence the reac­
tion between a chelate and a metal ion is the stability constant. 
26 
The magnitude of this constant determines how stable 
plex will be in the presence of other metallic ions. 
stability (or formation) constant may be represented 
below. 
M + L ML 
^ (ML) 
(M) (L) 
where M is the metal ion 
L is the chelate or ligand 
K is the stability constant 
The stability of the metal-chelate complex is affected by 
several factors. If the chelation reaction results in an 
ionic bond, the stability of the chelate complex for metal ions 
(in the same group in the periodic table and having the same 
charge) generally increases as the size of the metal ion de­
creases. Thus calcium (ionic radii=0.99A°) generally forms a 
more stable complex than strontium (ionic radii=1.13A°) . 
The greater the charge on an ion, the more stable the 
complex. For instance Fe{III) chelate is more stable than 
Fe(II) chelate. 
When metal to ligand bond is covalent, increase in stabil­
ity tends to follow an increase in electronegativity. The 
stability of a chelate complex would therefore be lower for 
calcium (electronegativity=l.0) than for zinc (electro-
negativity=l.16). 
the com-
The 
as shown 
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Also of importance in complex stability is the number of 
rings the chelate forms; the more rings formed, the greater 
the stability. It has also been found (Lehman, 1963; Fritz 
and Schenkf 1969) that the five- and six-membered rings are 
the most stable. 
Another factor that influences the reaction between a 
chelate and a metal ion is the pH of the medium (Welcher, 
1958; Fritz and Schenk, 1969). First, there is the pH effect 
on the concentration of the free ligand. The proportion of 
unprotonated ligand in the solution at a given pH for a 
triprotonic chelate H^L is; 
1_ = (H+)3 , (H+)2 (H*^) 
where is the fraction of unprotonated ligand and the K's 
are the step-wise dissociation constants. 
Second, the pH of the medium also affects the ability 
of some complexes to form. For instance iron forms almost no 
complex with EDTA under alkaline conditions but it forms a 
very strong complex in a slightly acidic niedium. The instabil­
ity of the iron-chelate complex under alkaline conditions is 
due to hydrolysis and subsequent precipitation of the chelate 
with consequent loss of complexing efficiency. The extent of 
hydrolysis varies with the metal and the solubility product 
of the metal hydroxide. The effect of hydrolysis on a metal 
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complex can be predicted from its stability constant and the 
solubility product of the metal hydroxide (Welcher, 1958). 
where 
Kh = hydrolysis constant of metal-chelate complex 
Kp = stability constant of metal-chelate complex 
K^p = solubility product of metal hydroxide 
If is greater than 1, hydrolysis will be expected to occur. 
History, Properties, and Applications 
of EDTA and NTA 
History 
The syntheses of nitrilotriacetic acid (NTA) and ethylene-
diaminetetraacetic acid (EDTA) were commercially achieved in 
the mid-1930*s by I. G. Farben chemists in Germany, although 
NTA was first synthesized by Heintz, a German chemist in 1862. 
The Farben chemists introduced the products under the trade 
names "Trillon A" (for NTA) and "Trillcn S" (for EDTA). How­
ever, the systematic study of these compounds did not begin 
until after World War II. In 1945, Schewarzenbach and co­
workers began a fundamental study of the complex-forming abil­
ity of these substances from a physicochemical point of view. 
According to Welcher (1958), they developed a sound theory 
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based on the ionization constants of the acids and the stabil­
ity constants of the complexes which they form. Since these 
compounds readily form stable substances with many cations 
under varying pH conditions, and since in aqueous solutions 
these complexes are not detectable by common reagents, 
Schewarzenbach referred to them as "Complexones". Other trade 
names for EDTA are Versene, Titra Ver, and Chelaton (Welcher, 
1958). 
Both EDTA and NTA are members of the aminopolycarboxylic 
acids (Figure 1.1). EDTA may be produced from ethylenediamine, 
sodium cyanide, and formaldehyde while NTA is now produced 
commercially from ammonia, formaldehyde, and hydrogen cyanide. 
The early methods of syntheses of EDTA and NTA led to very 
good yields of EDTA and very poor yields of NTA. So NTA was 
not in commercial use until recently (in 1962) when Hampshire 
Chemical Company, Nashua, New Hampshire patented the procedure 
which made its production cheap. Since that time NTA has 
increasingly entered into commercial use and has partially 
replaced the more familiar chelates such as EDTA and poly­
phosphates. 
Properties 
EDTA and NTA react with di-, tri-, and quadri-valent 
metal ions in a 1:1 ratio. With higher valence metal ions, 
the ratio may or may not be 1:1. NTA and EDTA are triprotonic 
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OOCÇHo CHgCOO 
> NCHgCH^Nf OOCCHg XCHjCOO 
Ethylenediaminetetraacetic acid 
(EDTA) 
QQCCH2 NX 
ÇHgCOO 
CHgCOO 
Nitrilotriacetic acid (NTA) 
Figure 1.1. Structures of EDTA and NTA 
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and quadriprotonic acids, respectively. The negative log­
arithm of the dissociation constants (pK ) of these acids as 
given by Blaedel and Meloche (1963) are; 
EDTA NTA 
pK^ 2.18 2.5 
pKg 2.73 2.8 
pKg 6.20 10.2 
pK^ 10.0 
Both chelates form very stable complexes with many metal 
ions. In general the stability constants for NTA are lower 
than the corresponding figures for EDTA. The acids are highly 
insoluble in water but their sodium and ammonium salts are 
quite soluble. Na^-NTA is basic in reaction, the pH of 
O.IM aqueous solution is 11.2, Na^-EDTA is acidic, with a 
pH of 4.5 for O.IM solution. 
Degradation of NTA and NTA-metal complexes 
A knowledge of the biodégradation of NTA is important be­
cause of its potential use in detergents. If it is completely 
degraded the products are carbon dioxide and inorganic nitrogen 
compounds. However, if it is only partially degraded problems 
may arise. Epstein in U.S. Congress, Senate (1970, p. 630) 
suggested that NTA could be a hazard to the environment if NTA 
degraded by successive loss of one or two carbon-atom fragments 
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and created a family of amino acids such as glycine, sarcosine, 
and N-methyliminodiacetic acid. The last two amines could 
react with nitrous acid to form N-nitrosoiminodiacetic acid 
and N-nitrososarcosine, both of which are carcinogenic to 
rats (Lijinsky and Epstein, 1970). 
Biodégradation of NTA as determined in continuous-flow 
activated sludge, river water die-away, batch or semi-con­
tinuous-flow activated sludge, and biochemical oxygen demand, 
have shown a very wide range of results from 21 to 100% 
biodegradability (Swisher, 1970). The results of more recent 
work suggest that NTA may be completely biodegradable except 
under anaerobic conditions as would occur in septic tanks. 
Thompson and Duthie (1968) reported that NTA broke down rapidly 
to carbon dioxide and inorganic compounds of nitrogen, with 
glycine as the probable intermediate. Warren and Halec 
(1972) found that NTA and some intermediates in the biodég­
radation of NTA were not detectable by gas chromatographic 
techniques when these compounds were added to river water. 
Hamilton (1972) stated that NTA was completely degraded ex­
cept, possibly, under anaerobic conditions. 
Chau and Shiomi (1972) studied the degradation of some 
NTA-metal complexes in lake water. They found that Al, Cr, 
Mn, Zn, Mg, Ca, and Fe complexes with NTA were degraded in 
25 days or less. But Ni, Hg, and Cu complexes with NTA were 
not degraded even after 100 days. High nitrate levels were 
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found in the NTA treatments, indicating that NTA might de­
grade at least partially into nitrates. 
NTA-metal ion complexes have been found to undergo 
photochemical degradation. Trott et al. (1972) found that 
the irradiation of solutions of Fe(III)-NTA complexes con­
taining equimolar concentrations of Fe(III) and NTA 
led to the degradation of the complex and the precipitation of 
iron. No reaction was observed in controls stored in the 
dark. According to Trott et al. (1972) the photochemical de­
gradation products of Fe(III)-NTA complexes are COg, CH2O, 
and iminodiacetic acid (IDA). They proposed the following 
mechanism for the photochemical degradation of the complex : 
2 [Fe^^^(NTA) ] [Fe^^(NTA)]" + [Fe^^(IDA)] + CHgO + CO^ 
In the presence of air the following oxidation occurs; 
^2 
[Fe^^(IDA)l ^ [Fe^^^(IDA)] 
In the experiments of Trott et al. (1972) the complexes 
were irradiated with mercury lamps for up to 14 days before 
complete degradation of the complex was obtained. From the 
results of their experiments, Trott et al. (1972) suggested 
that the photochemical mode of Fe(III)-NTA complex degradation 
should be of significance in limiting the accumulation of NTA 
(and most probably related aminopolycarboxylates) in natural 
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waters if actinic light is available. 
Oxidative cleavage of NTA to iminodiacetic acid (IDA) 
has been reported by Tetenbaum and Stone (1970). Oxygenation 
of an aqueous solution of NTA was done in the presence of 
5% Pd/C at 90°C for 10 hours. 
Applications 
The industrial and agricultural uses of EDTA are many 
and varied. EDTA is widely used in analytical chemistry in 
the titrimetric determinations of many metals. It can also 
serve as a masking agent. It is used in the food industry 
as a preservative and is sometimes prescribed as an antidote 
for heavy-metal poisoning. In agriculture it is widely em­
ployed in the soil and foliar applications of micronutrients 
such as iron, zinc, copper, manganese, and molybdenum. Several 
studies on the use of EDTA as a carrier for iron have been re­
ported (Wallace et al. , 1955; Wallace, 1963; Brown, 1969) . Brown 
(1969) has found that EDTA is not effective in alkaline soils 
because the chelate is hydrolyzed to ferric hydroxide. 
Trevett et al. (1972) found that the iron, zinc, and manganese 
content of blueberries were increased when chelates were ap­
plied with fertilizers. Where micronutrients are limiting in 
crop production, chelates have been effective in correcting 
the deficiency. 
EDTA has been used as an extractant for many metal ions 
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in soils. Viro (1955a,b) used (NH^ig-EDTA to extract Ca, Mg, 
Fe, Cu, and Mo from soils. Beyers and Coetzer (1971) also used 
(NH^lg-EDTA to study the extractability of Cu, Fe, Al, B, Mn, 
and Al. They found that using 0.01, 0.02, and 0.05 M EDTA 
solutions did not make much difference in the amounts of 
extractable Cu, Fe, Al, or B. Cox and Kamprath (1972) have 
reviewed the micronutrient soil tests many of which use EDTA 
or other chelates. 
NTA is used in a variety of fields such as in herbicides 
(for 2,4-D), micronutrient application, photography, textiles 
and dyeing, soaps and detergents, and in analytical chemistry 
for the separation of the Rare Earth elements. Among these 
the most important, because of the quantity of NTA involved 
and its potential effect on the environment, is its use in 
detergents. NTA is currently being studied as a partial re­
placement for phosphate in detergent formulations (Pollard, 
1966a,b; Hamilton, 1972). Its strong chelating power and low 
cost make it very attractive as a substitute for phosphates in 
detergents. 
Studies about NTA in soils are virtually nonexistent. 
Most of the studies so far conducted have been concerned with 
NTA in rivers, lakes, and sewage treatment plants. 
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EDTA and NTA in soil-phosphorus studies 
The use of EDTA or NTA for the extraction of inorganic P 
is based on the fact that when cations associated with phos­
phate-? in the soils, as insoluble or slightly soluble com­
pounds, are chelated, the phosphate ions are released into 
solution. Figure 2.2 illustrates the type of reaction between 
dicalcium hydrogen phosphate and EDTA or NTA. 
The use of EDTA and NTA as extractants for soil phos­
phorus has the advantage that aliquots of the same extract may 
be used for the determination of phosphate and the cations. 
Viro (1955a,b) used 0.05 M (NH^jg-EDTA as an extractant for 
P in some soils of Finland. Determination of extractable 
phosphate was made after igniting the extract at 550®C. Since 
a conversion from organic to inorganic occurs on ignition 
at this temperature, Viro's values do not give an estimate of 
the inorganic phosphate. In one of the experiments (Viro, 
1955b) he reported that the correlation coefficient between 
extractableP and uptake of P by pine trees was 0.436. More 
recently Alexander and Robertson (1972) attempted to determine 
the inorganic phosphate extracted with various concentrations of 
EDTA but encountered difficulties in the determination of PO^-P 
by the ascorbic acid method when the concentration of EDTA was 
greater than 20mM. They therefore used 5 mM solution and doub­
led the concentration of reagents for the phosphomolybdenum blue 
color by the Murphy and Riley method (1962). They found that 
HOOCCH, CH-CH CH.COOH 
HOOCCH CH.COOH ^ / 
^ / J/N + Na-HPO. 
NCHgCH N< + CaHPOj J X % 
NaOOCCH- ^CH-COONa / 
COO OOC 
Nag-EDTA 
CHgCOONa CHgCOO 
/ \ Iv" " — Nv—— —' • — —C& 4" N a O O C C H p î — +  C a H P O ^  ^  N a O O C C H ^ —  a  +  N a g H P O ^  ^  
\ __// ^ 
CHgCOONa CHgCOO 
Na^-NTA 
Figure 2.2. Reaction of EDTA or NTA with dicalcium hydrogen phosphate 
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EDTA-extractable P showed a positive correlation with bicarbo­
nate-soluble P, aluminum- and iron-bound P, but not with 
Ca-bound P which showed a low negative correlation (-0.29). 
An examination of their data further shows that 5 mM EDTA 
solution did not maintain the same pH in acid and alkaline 
soils. This indicated that the solution was not well buf­
fered. There is no reported work on the use of NTA in soil 
phosphate studies. 
However, Chau and Shiomi (1972) have investigated the re­
lease of some anions (phosphates and nitrates) and trace ele­
ments (copper, zinc, nickel, iron and manganese) from known 
phosphate compounds and from lake waters and sediments. They 
found that the addition of solutions of NTA to copper, zinc, 
nickel, and manganese phosphates resulted in the release of 
phosphate ions. Addition of 1 ppm of NTA solution to nickel 
phosphate led to the release of 0.48 ppm of PO^-P. Lesser 
amounts of P were released from copper, zinc, and manganese 
phosphates. Addition of NTA solutions to samples of sedi­
ments from Lakes Erie and Ontario resulted in the release of 
the trace elements Fe, Zn, Ni, and Cu, and a corresponding 
release of phosphate ions. In a study of the effect of time 
on P released, Chau and Shiomi found that both NTA and phos­
phate concentrations declined with time. By the eleventh day 
from the start of the experiment very little P and NTA were 
detected in the sediment samples. Further spiking of same 
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samples with more NTA resulted in a sharp rise of phosphate 
concentration. In these studies the maximum NTA concentra­
tion used was 10 ppm. The phosphate ions were determined 
by reduction of phosphomolybdate conplex by stannous chloride. 
Metal ions liberated from sediments or known phosphate com­
pounds were determined by atomic absorption spectroscopy 
after extraction of the Cu, Co, Mn, Ni, Pb, and Zn by ammonium 
pyrolidine dithiocarbamate in butyl acetate and Fe by cupferron-
butyl acetate solutions. 
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PART 3. MATERIALS AND METHODS 
Soil Samples 
Bulk soil samples, collected from 15 different sites in 
Iowa, were selected to represent most areas and major soil 
types of the state, and to include a wide range in chemical 
and physical properties. All sites were sampled in August 
1969. Table 3.1 shows the soil types, the crops on them at 
the time of sampling, and the legal descriptions. 
Sampling was done by first removing the top 3 cm of soil 
with a spade and then collecting approximately 40 kg of soil 
from the top 15 cm. Then the 15-30 cm layer of soil was re­
moved and discarded. Approximately 40 kg of soil were then 
collected from 30-45 cm layer. For the collection from the 
75-100 cm layer, either the above procedure was repeated to 
the appropriate depth cr a post-hole auger was used to obtain 
the sample. In all cases the deep samples from each site 
were taken from directly below each preceding depth. All 
samples were placed in double 45 x 60 cm polyethylene bags 
carrying identification tags. All samples were subsequently 
passed through a 6-mm screen, mixed thoroughly and rebagged. 
For the laboratory experiments, samples were taken from 
the 45 X 60 cm bags and further screened through a 2-mm mesh 
screen. They were air-dried at room temperature (23®C) and 
thoroughly mixed before rebagging in 20 x 45 cm polyethylene 
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Table 3.1. Legal description for soil sample locations 
Soil 
Series County Crop Legal description 
Ida Crawford Pasture 
Fayette 
Weller 
Muscatine Soybean 
Jefferson Pasture 
Clarion Hamilton Corn 
Monona Woodbury Corn 
Marshall Crawford Com 
Tama Muscatine Corn 
Edina 
Seymour 
Davis 
Wayne 
Corn 
Com 
581'W and 196'N of SE 
corner of SE^, sec. 32, 
T83N, R39W 
1210'W and 329'N of SE 
corner of SE^, sec. 21. 
T77N, R2W 
1486'E and 150'N of SW 
corner of SWj, sec. 29 
T71N, R9W 
522'E and 200'S of NW 
corner of SW^, SW^, sec. 
25, T88N, R23W 
300'W and 460'S of NE 
corner of NEj, sec. 15, 
•T8SN,- R42W 
82'N and 91'W of SE cor­
ner of NW^, sec. 29, 
T75N, R39W 
190'W and 830'N of SE 
corner of NW^, sec. 29, 
T76N, R3W 
Plot no. 512A, Southern 
Iowa Experimental Farm, 
Bloomfield, Iowa 
413'W and 538'S of NE 
corner of B 
T69N, R23W 
NW^, sec. 16, 
42 
Table 3.1 (Continued) 
SariL Crop Legal description 
Webster Boone Soybean Plot no. 203 of site 
S-6f Agronomy and 
Agric. Engineering 
Research Center, Boone, 
sec. 9, T83N, R25W 
Clarinda Van Buren Sudan grass 198'E and 18'S of NW 
corner of NW^, sec. 5, 
T68N, RlOW 
Gal va Lyon Corn 1028'N and 397'W of SE 
corner of Ne|-, sec. 28, 
T98N, R43W 
Canisteo Boone Corn Plot 102 of site S-5, 
Agronomy and Agric. 
Engineering Research 
Center, Boone, sec. 9, 
T83N, R25W 
Webster Hancock Corn 
Ostrander Linn Corn 
Site no. 11 on Clarion-
Webster Experimental 
Farm, Kanawha, W^ of 
Swi, sec. 34, T94N, R25W 
673'N and 587'W of SE 
corner of SE^, sec. 
T86N, R5W 
16, 
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bags. About 50 g of each sample were also ground in a mortar 
to pass through a 100-mesh screen. These finely-ground samples 
were used for the determination of some of the chemical 
properties of the soil (organic C, inorganic C, organic P, 
total P, total N, and cation exchange capacity). 
Characterization of Soils 
In the analyses reported in Table 3.2, soil pH was deter­
mined by a glass electrode (soil/water ratio, 1:2.5), organic 
carbon by the method of Mebius (1960), total N by a semimicro-
Kjeldahl method described by Bremner (1965), available P by the 
method of Olsen et al. (1954) and Bray and Kurtz no. 1 test 
(1945), free iron and aluminum oxides by the method of 
Jackson (1965), cation exchange capacity by a semimicro 
technique of Keeney and Bremner (1969) , exchangeable bases 
(Ca, Mg, Na, K) by extraction with 1 N NH^OAc at pH 7.0 and 
determination of Ca and Mg with an atomic absorption spectro­
photometer (Heald, 1965), and Na and K with a flame photometer 
(Pratt, 1965), calcium carbonate by the method of Bundy and 
Bremner (1972^) , and particle-size distribution by pipette 
analysis (Kilmer and Alexander, 1949). 
Water-soluble phosphate was determined by shaking 5 g of 
soil with 50 ml of deionized water for 24 hours at constant 
temperature (23 + 1°C), the suspension was centrifuged at 
12,000 rpm and then vacuum filtered through a 0.2 y Metricel 
Table 3.2a. Analyse» of surface (0-15 cm) soils 
Soil 
No. Series PH 
Org. 
C 
% 
Total 
N 
% 
Total 
P 
ppm 
Org. 
P 
ppm 
H_0—Sol. 
^ P 
ppm 
1 Ida 8. 0 0. 75 0. 089 774 42 0. 45 
2 Fayette 5. 3 1. 06 0. 127 322 67 0. 99 
3 Weller 5. 4 1. 28 0. 133 322 65 1. 08 
4 Clarion 5. 0 1. 61 0. 162 398 102 0. 42 
5 Monona 5. 3 1. 61 0. 183 568 96 0. 89 
6 Marshall 4. 9 1. 69 0. 187 589 126 0. 56 
7 Tama 5. 1 1. 76 0. 168 564 144 1. 26 
8 Edina 6. 0 1. 85 0. 176 433 123 0. 42 
9 Seymour 5. 9 1. 88 0. 192 519 141 0. 93 
10 Webster 4. 6 2. 34 0. 211 597 120 1. 96 
11 Clarinda 7. 1 2. 44 0. 237 4 76 53 1. 61 
12 Galva 7. 0 2. 71 0. 265 796 186 2. 77 
13 Canisteo 7. 5 3. 11 0. 288 545 89 1. 86 
14 Webster 6. 1 3. 52 0. 307 589 102 10. 44 
NaHCO] 
Sol. P 
ppm 
3 
9 
4 
7 
5 
4 
12 
7 
10 
23 
14 
31 
7 
32 
NH4F 
Sol. P 
ppm 
2 
8 
4 
9 
5 
6 
14 
6 
10 
9 
10 
30 
8 
39 
Free Fe 
% 
0.75 
0.53 
0.48 
0.54 
0.92 
0.99 
0.65 
0.48 
0.78 
0.40 
0.56 
0.64 
0.12 
0.15 
Table 3.2a (Continued) 
Soil Free Al CEC Ca Mg K 
No . Series % me/100 g oJ: soil 
1 Ida 0. 04 20. 7 53.0 4. 4 0.27 
2 Fayette 0. 05 13. 8 8.6 1. 2 0.09 
3 Weller 0. 06 9. 8 7.2 2. 0 0.27 
4 Clarion 0. 10 13. 7 10.2 2. 8 0.13 
5 Monona 0. 09 23. 7 14.8 6. 1 0.23 
6 Marshall 0. 12 25. 2 16.6 5. 2 0.34 
7 Tama 0. 08 17. 2 12.9 2. 3 0.16 
8 Edina 0. 06 18. 9 15.4 3. 5 0.13 
9 Seymour 0. 09 23. 6 16.5 5. 0 0.24 
10 Webster 0. 07 25. 8 14.3 4. 2 0.13 
11 Clarinda 0. 07 21. 8 20.3 5. 0 0.13 
12 Gal va 0. 08 23. 4 28.4 5. 8 0.40 
13 Canisteo 0. 02 29. 6 18.1 4. 3 0.12 
14 Webster 0. 03 41. 5 28.8 9. 7 0.26 
Na CaCOj Sand Silt Clay 
equiv. % % % 
% 
0.06 3.3 2 83 15 
0.03 — 4 79 17 
0.03 - 2 80 18 
0.02 - 44 34 22 
0.06 - 2 67 31 
0.03 - 1 68 31 
0.03 - 2 75 23 
0.05 - 1 75 24 
0.08 - 2 69 29 
0.04 - 34 39 27 
0.06 0.2 11 66 24 
0.08 0.3 7 71 22 
0.06 0.5 51 37 12 
0.05 - 14 48 38 
Table 3.2b. Analyses of subsurface (30-45 cm) soils 
No 
Soil 
Series PH 
Org. 
C 
% 
Total 
N 
% 
Total 
1? 
ppm 
Org. 
P 
ppm 
H«0—Sol. 
P 
ppm 
NaHCOg 
sol. P 
ppm 
NH4F 
sol. P 
ppm 
Free F 
% 
15 Ida 8.3 0.28 0.031 637 15 0.30 0 2 1.09 
16 Weller 4.8 0.42 0.044 230 6 0.32 6 10 0.67 
17 Fayette 5.8 0.43 0.052 270 21 0.35 13 13 0.78 
18 Edina 5.5 0.71 0.064 163 39 0.43 2 4 0.51 
19 Monona 6.2 0.74 0.084 533 93 0.18 3 4 0.99 
20 Marshall 5.7 0.89 0.094 388 15 0.23 4 7 0.74 
21 Clarion 5.7 1.10 0.107 305 72 1.06 1 3 0.70 
22 Tama 4.7 1.15 0.114 343 45 0.32 2 4 0.67 
23 Ostrander 6.4 1.27 0.121 277 74 0.20 1 3 0.85 
24 Clarinda 5.5 1.42 0.123 260 87 0.30 1 3 0.65 
25 Webster 5.8 1.45 0.123 277 83 0.38 2 3 0.31 
No 
Soil 
Series 
Free 
Al CEC Ca Mg K Na 
CaCOg 
equiv. Sand % 
Silt 
% 
Clay 
% % me/100 g soil % 
15 Ida 0.13 8.3 49.1 5.8 0.18 0.06 4.60 1 83 16 
16 Weller 0.10 21.1 5.4 5.9 0.19 0.11 - 1 65 34 
17 Fayette 0.06 15.1 10.3 3.2 0.15 0.14 - 3 71 25 
18 Edina 0.06 15.1 10.3 3.2 0.15 0.14 - 3 72 25 
19 Monona 0.12 23.0 12.4 6.8 0.15 0.08 - 2 77 21 
20 Marshall 0.03 23.1 11.. 5 7.0 0.20 0.03 - 1 71 28 
21 Clarion 0.10 16.0 9.5 3.5 0.12 0.05 - 36 40 24 
22 Tama 0.12 19.5 8.. 6 4.1 0.18 0.07 -, 2 71 28 
23 Ostrander 0.14 17.7 12.3 3.7 0.12 0.03 - 29 44 28 
24 Clarinda 0.13 19.3 8. 2 5.4 0.12 0.06 - 13 56 30 
25 Webster 0.06 21.7 13.0 4.8 0.14 0.06 — 40 33 27 
Table 3.2c. Properties of soils (75-100 cm layer) 
Org. Total Total Org. H2O-S0I. NaHCOg NH4F Free 
pH C N P P P sol. P sol. P Fe 
% % ppm ppm ppm ppra ppm % 
26 Monona 8.2 0.29 0.032 624 15 0.43 4 3 0.85 
27 Fayette 5.0 0.30 0.035 440 0 0.54 32 34 0.93 
28 Tama 5.4 0.36 0.043 364 27 0.68 14 21 0.79 
29 Marshall 6.3 0.37 0.044 589 24 0.39 12 7 0.98 
30 Galva 6.3 0.51 0.055 493 36 0.31 10 8 0.75 
Soil Free ca Mc/ K Na Sand Silt Clay 
: Series . me/100 g sjôîï equiv. % % % 
2 6 Monona 0.03 17.0 43.2 6.6 0.18 0.06 3.5 3 65 32 
27 Fayette 0.09 21.1 8.6 6.0 0.19 0.06 - 6 64 30 
28 Tama 0.10 21.6 10.8 6.9 0.20 0.06 - 5 66 29 
29 Marshall 0.09 23.2 11.5 7.0 0.20 0.05 - 6 77 17 
30 Galva 0.09 22.3 12.1 7.4 0.22 0.11 - 3 66 31 
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GA-8 (Gelman Instrument Co., Ann Arbor, Michigan). Phos­
phate-? was then determined by the method of Murphy and 
Riley (1962) as modified by Watanabe and Olsen (1965). 
Total P was determined by digesting 0.5 g of finely ground 
soil sample (0<100 mesh) with 3 ml of 72% perchloric acid on a 
medium-heat hot plate until the residue turned white. The 
solution was filtered through a Whatman filter paper no. 42 
into a 100-ml volumetric flask and made up to volume. A 
suitable aliquot (less than 20 yg P) was pipetted into a 
25-ml volumetric flask. Excess acidity was neutralized with 
1:1 NH^OH using p-nitrophenol as the indicator. Phosphorus 
was then determined by the method of Murphy and Riley (1962). 
Organic P was determined by the procedures described by 
Olsen and Dean (1965). 
Reagents and Chemicals 
Chelates 
The chelates used in the investigations were the di-
sodium salt of ethylenediaminetetraacetic acid (Nag-EDTA) 
obtained from J. T. Baker Chemical Co., Phillipsburg, N.J., 
and the trisodium salt of nitrilotriacetic acid (Na^-NTA) 
obtained from Sigma Chemical Co., St. Louis, Mo.). 
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Other reagents and chemicals 
The other reagents, chemicals, and their sources are 
listed below: Ca standard solution - 10,000 ppm, Mg standard 
solution - 1000 ppm, and A1 metal were obtained from Fisher 
Scientific Co., Fair Lawn, N.J., iron wire, potassium phos­
phate monobasic (KHgPO^), and ascorbic acid were obtained from 
J. T. Baker Chemical Co., Phillisburg, N.J., antimony potassium 
tartrate was obtained from General Chemical Co., N.Y., and 
lanthanum oxide was obtained from A. D. MacKay Inc., N.Y. 
The sulfuric and hydrochloric acids were of reagent-grade 
quality. All water employed was distilled water (condensed 
steam) that had been deionized by treatment with ion-exchange 
resins in a Barnstead deminera1izer. 
Analytical Procedures 
The phosphate-P in aqueous solutions of EDTA and NTA and 
in their soil extracts was determined by the procedure developed 
in this work (Parts 4 and 5). 
Calcium, magnesium, iron, and aluminum in the soil ex­
tracts were determined with an atomic absorption spectro­
photometer according to the procedures described in the 
atomic absorption manual by the Perkin-Elmer staff (1971). 
All analyses (except the precision experiments where six 
replicates were used) are duplicate determinations and all soil 
analyses are expressed on moisture-free basis, moisture being 
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estimated from loss in weight following drying at 105°C for 
24 hours. 
Statistical Analysis 
The aim of the statistical analyses was to find out 
which of the metal ions Ca^^, Mg"*^^, Fe"*"^, or Al^^ were the 
most important in explaining the variations in P. Separate 
analyses were done for low and high calcium soils. 
Multiple linear regression analyses were performed for 
each extractant at each pH value of 4, 6, 8, and 10. Amount 
of PO^-P in the extract was used as the dependent variable 
+2 +2 +3 +3 
and Ca , Mg , Fe , and A1 as the independent variables. 
These analyses were performed by using the backward elimination 
technique and then cross-checked with the more powerful step­
wise procedure. The stepwise procedure starts with a simple 
correlation matrix and enters into the regression model the 
variable most highly correlated with the response. Then it 
enters the second variable. After the entry of the second 
variable, the method examines the effect that the introduction 
of the new variable may have had on the first. This process 
is continued until all the variables have been entered and 
only the most significant remain after the re-examination of 
variables previously incorporated into the model. 
Polynomial models of the second degree were fitted to 
+2 
the dependent variable P and the independent variables Ca , 
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Mg^^, and Al^^, and pH. Various models were tried un­
til the model that yielded the highest coefficient of deter-
2 
mination (R ) was obtained. The full model was first fitted 
and then variables that were not significant were dropped 
by a backward elimination process. The remaining models were 
refitted to obtain new values for R and the regression 
coefficients (B's). 
The relative importance of the independent variables can 
be judged by examining the regression coefficients. This 
method is not valid when the variables are measured in dif­
ferent units. A better method that eliminates the bias due 
to different units is the computation of the standard partial 
regression coefficient (Standard B). To obtain Standard B 
the original regression coefficient (B) is multiplied by the 
standard deviation of the associated independent variable and 
divided by the standard deviation of the dependent variable 
(Snedecor and Cochran, 1967). 
Computations were accomplished by methods presented by 
Draper and Smith (1956) and Barr and Goodnight (1972) at the 
Iowa State Computation Center. 
52 
PART 4. DEVELOPMENT OF METHOD FOR DETERMINATION OF 
INORGANIC P IN AQUEOUS SOLUTIONS OF EDTA OR NTA 
Introduction 
The problems in the determination of phosphates in solu­
tions of EDTA have been discussed in Part 2. Since the major 
problem was the interference by EDTA in the phosphomolybdenum 
(heteropoly) blue color development, an attempt was made to 
eliminate the interference. Alexander and Robertson (1972) 
doubled the concentration of the reagents used for phospho­
molybdenum color development to overcome the interference but 
this method was only successful at low concentration (5 mM) 
of EDTA. At higher concentrations of EDTA very small aliquots 
had to be taken for analyses. This would be impractical for 
some solutions and soil extracts where the P contents are very 
low. Since EDTA and NTA are from the same family of chelates 
(aminopolycarboxylic acid), a similar approach was used in 
the study of their relevant chemistry to phosphate analysis. 
The objectives of the analytical procedure were: 
(1) To develop a method that eliminates the interference 
of EDTA or NTA in the colorimetric determination of phosphate-P 
in aqueous solutions of 0-300 mM EDTA or NTA. 
(2) To develop a method that would be accurate, sensitive, 
precise and capable of detecting a few micrograms of phosphate-P 
in aqueous solutions of the chelates. 
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The procedure described in this part meets these objec­
tives. In this procedure, an aqueous solution of EDTA or NTA 
containing phosphate-P is titrated with 5 N H^SO^ to pH 1.5 
to precipitate the slightly-aoluble H-EDTA and H-NTA. These 
precipitates are then filtered off. Aliquots of filtrate 
can then be used for colorimetric determination of any phos­
phate in the solution. 
Topics investigated in the development of this method 
include extent of color interference, optimum pH of precipi­
tation, standing-time between precipitation and filtration, 
absorbance spectra, effect of reaction time on the develop­
ment of phosphomolybdenum blue color, accuracy and precision, 
recovery of added inorganic P, hydrolysis of organic P, and 
interference by some common cations and anions. The method 
developed permits accurate and precise determination of phos­
phate in aqueous solutions of 0-300 mM EDTA or NTA. The method 
is easily adaptable to higher concentrations of these chelates. 
Description of Method 
Reagents 
Sulfuric acid, 5N Add 140 ml of concentrated (36N) 
sulfuric acid to about 700 ml of water and dilute to 1 liter 
with water. 
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Ammonium molybdate-antimony potassium tartrate (reagent A) 
Dissolve 12 g of ammonium molybdate in 250 ml of water, and dis­
solve 0.2908 g of antimony potassium tartrate in 100 ml of 
water. Add both solutions to 1 liter of 5N sulfuric acid, 
dilute the mixture to 2 liters with water and mix thoroughly. 
Store this reagent in a pyrex glass bottle in a dark place. 
It is stable for at least three months. 
Ascorbic acid solution (reagent B) Dissolve 1.056 g 
of ascorbic acid in 200 ml of reagent A and mix thoroughly. 
This reagent should be prepared daily as required. 
Standard phosphate-P solution Dissolve 0.2195 g of 
potassium dihydrogen phosphate (KHgPO^) in about 700 ml of 
water and dilute to one liter with water. This solution 
contains 50 yg of phosphate-P per mi. Store in a refrigerator 
(4°C). 
Procedure 
Place a 20-ml aliquot of NTA or EDTA solution containing 
5 to 10 vg of phosphate-P in a 50-ml beaker containing a 
Teflon-coated stirring bar. Place the beaker on a magnetic 
stirrer, insert into the solution a glass electrode connected 
to a digital-readout pH meter and titrate the solution with 5N 
HgSO^ to pH 1.5 using a 5-ml burette graduated at 0.01 ml 
intervals. Record the volume of sulfuric acid used. Allow 
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the mixture to stand at room temperature for 1 hour and fil­
ter the mixture through a Whatman No. 2v folded filter paper. 
Pipette a suitable aliquot (1 to 15 ml containing less than 
10 ug P) into a 25-ml volumetric flask, add 4 ml of re­
agent B and dilute to volume with water. After 30 minutes 
read the intensity of the blue color developed using a 2-cm 
cell and a Klett-Summerson photoelectric colorimeter fitted 
with a red (No. 66) filter. Calculate the phosphate-P 
content of the 20-ml aliquot analyzed (plus volume of sul­
furic acid added) by reference to a calibration graph plotted 
f r o m  t h e  r e s u l t s  o b t a i n e d  w i t h  s t a n d a r d s  c o n t a i n i n g  0 ,  2 ,  4 ,  
6, 8, and 10 ug of phosphate-P per 10 ml. To prepare this graph 
pipette 0, 4, 8, 12, 16, and 20-ml aliquots of the standard 
phosphate solution into 1-liter volumetric flasks, adjust 
the volume to 1 liter by addition of water and mix thoroughly. 
Then pipette 10-ml aliquots of these diluted standards into 
25-ml volumetric flasks and proceed as described for phos­
phate-P analysis of EDTA or NTA solution. 
Development of Method 
Extent of color interference by chelates 
Preliminary work was done to find out the extent of 
interference of phosphomolybdenum blue color development by 
the chelates. Table 4.1 shows the extent of interference 
as measured by the percentage recovery of added phosphate-P 
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to EDTA or NTA solutions. These results show that recovery of 
inorganic P is almost quantitative (99-100%) in untitrated 
solutions of 5 and 10 mM EDTA or NTA, but interference was 
very strong at EDTA or NTA concentrations of 50 mM or greater. 
While recovery of inorganic P was almost quantitative for 5 
and 10 mM untitrated solutions of EDTA and NTA, it was ob­
served that the color development was slower compared to 
titrated samples. Titration of the solution containing phos­
phate and EDTA or NTA with 5N HgSO^ to precipitate the H-EDTA 
or H-NTA resulted in quantitative recovery of phosphate-P at 
all concentrations of the chelate used. 
Table 4.1. Percentage recovery of inorganic phosphate-P from 
indicated concentrations of EDTA or NTA 
^ Reagent conc. (mM) 
Reagent Treatment -g ^ XÔÔ 2ÏÏÔ 300 
EDTA T 99.9 55.7 100.2 59.8 100.1 100.5 
EDTA UT 99.1 97.3 0 0 0 0 
NTA T 99.9 v.0
 
CO
 
99.5 100.3 99.8 100.8 
NTA UT 98.6 96.6 0 0 0 0 
^T, 20-ml aliquot containing 1 ppm of inorganic phosphate-
P was titrated with 5 N H2SO4 to pH 1.5, filtered, and a 10-ml 
aliquot of the filtrate was taken for analysis by the colori-
metric method described; UT, 10-ml aliquot of the untitrated 
solution was taken for analysis. 
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Optimum pH for precipitation of EDTA and NTA 
In order to determine the optimum pH for precipitation of 
the chelates, aqueous solutions of EDTA or NTA ranging from 5 
to 300 mM and containing from 0.25 to 5 ppm phosphate-P were 
titrated with 5 N H^SO^ to different pH values. It was ob­
served that the titration of NTA solutions with sulfuric acid 
to pH values between 1 and 2, and EDTA solutions to pH values 
between 1.5 and 2.5 resulted in the greatest amounts of pre­
cipitate being formed and the most complete elimination of 
interference. Addition of excess acid far beyond that 
necessary for optimum precipitation decreased the amount of 
precipitate formed. For instance, when twice the amount of 
acid required for maximum precipitation was added to the 
solutions, the amount of precipitate was smaller than that 
where the solution was titrated to pH 1.5. Analysis of the 
filtrate obtained from these studies showed that PO^-P recovery 
was quantitative (99-101%) when EDTA or NTA solution was 
titrated with sulfuric acid to pH 1.5. 
Interval of time between precipitation and filtration 
The effect of the interval of time between precipitation 
and filtration on subsequent color development was investi­
gated. The purpose was to find out how long it took for the 
precipitation to be complete. If precipitation continued 
after acidification and if an aliquot of the filtrate was 
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taken before the precipitation was completed, then there could 
be some interference. For the aqueous solutions of EDTA or 
NTA used in this work, precipitation was complete within 
minutes. Hence filtration of the solution could be done with­
in fifteen minutes after titration without interference by 
the chelates in the colorimetric method developed. In these 
studies, however, 1 hour was allowed to elapse before filtra­
tion was carried out. This was for consistency with the pro­
cedures for soil extracts. This topic is discussed more fully 
in Part 5. 
Absorbance spectra 
Figure 4.1 shows the absorbance spectra of phosphomolyb-
denum blue color produced when standard phosphate solutions 
prepared in water, 100 mM EDTA, or 100 mM NTA were analyzed 
by the procedure described. The maximum absorbance at 720 nm 
is similar to the first absorbance peak reported by Murphy and 
Riley (1962) using an ascorbic acid procedure for determination 
of phosphate in seawater. The second absorbance peak (882 nm) 
reported by Murphy and Riley (1962) was not detected by the 
instrument employed in this investigation. The absorbance spec­
tra shown in Figure 4.1 were obtained with a Beckman DB-G 
spectrophotometer using a 1-cm cell. The instrument had a 
visible light range of 320 to 800 nm. 
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Figure 4.1. Absorbance spectra of phosphomolybdenum blue 
color produced by the procedure described 
(A) 20 yg of PO^-P in water, 
(B) 15 ug PO^-P originally in O.IM NTA, 
(C) 10 ug PO^-P originally in O.IM EDTA 
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• P in water 
originally in O.IH EDTA 
•P originally in 0.1# NTA 
IS 24 32 40 
REACTION TIME (minutes) 
Figure 4.2. Effect of reaction time on the intensity of the 
phosphomolybdenum blue color formed by the 
procedure described 
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Reaction time 
Murphy and Riley (1962) reported that the phosphomolyb-
denum blue color formed by the reaction between inorganic 
phosphate and molybdate in an acid medium, in the présence 
of ascorbic acid and antimony, reaches its maximum color 
intensity in both distilled and seawater in about 10 minutes 
and remains constant for 24 hours. Alexander and Robertson 
(1972) left their sample standing for 1 hour before the color 
intensity was read. Figure 4.2 shows that when standard 
phosphate solutions prepared in deionized water, 100 mM 
EDTA, or 100 mM NTA were analyzed by the method described, the 
phosphomolybdenvun blue color formed reached its maximum color 
intensity after 15 minutes. The results in Figure 4.2 were 
obtained using a Klett-Summerson photoelectric colorimeter 
fitted with a No. 66 (red) filter and a 2-cm ceil. 
Recovery tests 
Table 4.2 gives the results of the recovery of added 
phosphate-P. The results show that the method gave quanti­
tative (99.5-100.7%) recovery of phosphate-P added to the 
solution of EDTA or NTA and, hence, no coprecipitation of 
PO^-P with the acidified chelates occurred. 
62 
Table 4.2. Recovery of inorganic phosphate added to indicated 
solutions of NTA or EDTA 
Solution PO^-P added (ppm) Recovery (%)^ 
5 itM NTA 0.25 100.1 
2.50 99.7 
5.00 100.5 
50 mM NTA 0.25 100.2 
2.50 100.6 
5.00 99.8 
200 mM NTA 0.25 99.9 
2.50 100.0 
5.00 99.8 
5 mM EDTA 0.25 99.9 
2.50 100.0 
5.00 99.8 
50 mM EDTA 0.25 100.2 
2.50 99.8 
5.00 99.5 
200 mM EDTA 0.25 99.5 
2.50 100.7 
5.00 100.3 
^Recoveries were obtained by analyzing by the method 
described 20-ml aliquots of NTA or EDTA solutions con­
taining 0, 0.25, 2.5, or 5.0 ppm of phosphate-P. 
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Accuracy and precision 
The accuracy and precision of the method described are 
illustrated in Tables 4.3 and 4.4 which give the results of 
six replicate analyses of EDTA and NTA solutions containing 
various concentrations of inorganic P. 
Hydrolysis of organic phosphate esters 
Possible hydrolysis of organic P in EDTA or NTA solution 
during titration was investigated. No hydrolysis of B-glycero-
phosphate, glucose-6-phosphate, p-nitrophenyl phosphate, and 
inositol hexaphosphate could be detected when 500 yg of 
organic P were added to 100 mM EDTA or NTA containing 5 or 
100 ug inorganic P per 20 ml of chelate solutions and the solu­
tions were analyzed by the procedure described. 
Interference by cations and anions 
Since the ultimate aim for developing this method was to 
eventually apply it to soil extracts, it was necessary to in­
vestigate the effect of some common cations and anions on the 
method developed. This was deemed essential because soil 
extracts contain high, though variable, amounts of these ions. 
"t" 4- 4*2 ^ 2 _^2 
Among the ions investigated were K , Na , Ca , Mg , Zn , 
Mn"^^, Fe"^^, Cl", NOg", NOg", HCO^", SO^"^, and ^he 
final concentration of each ion was 0.004 M. Of all the ions 
investigated only Fe^^ interfered in the method. This 
occurred with both EDTA and NTA. The presence of 0.004 M 
Fe^^ as FefNOglg'SHgO with phosphate in the EDTA or NTA 
64 
Table 4.3. Precision of method described using EDTA 
conjuration Phosphate-P recovered^ 
^ added Range Average SD 
(yg of PO^-P/20 ml of solution) 
10 5 4.9-5.0 4.9 0.03 
10 9.9-10.1 10.0 0.04 
50 49.6-50.2 49.8 0.18 
100 99.0-100.8 99.8 0.35 
100 5 4.9-5.0 5.0 0.04 
10 9.8-10.1 9.9 0.04 
50 49.6-50.2 50.0 0.12 
100 99.5-101.1 100.5 0.45 
300 5 4.9-5.1 5.0 0.02 
10 9.8-10.3 9.9 0.04 
50 49.3-50.2 49.5 0.15 
100 99.2-100.2 99.7 0.20 
^Six analyses. 
^S.D. = standard deviation. 
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Table 4.4. Precision of method described using NTA 
NTA â 
conc^tration so" 
(vg of PO^-P/20 ml of solution) 
10 5 4.9-5.1 5.0 0.04 
10 9.8-10.0 9.9 0.05 
50 49.2-49.8 49.5 0.21 
100 99.1-99.8 99.4 0.31 
100 5 4.9-5.0 4.9 0.03 
10 9.8-10.1 9.9 0.08 
50 49.7-50.8 50.2 0.25 
100 99.2-99.9 99.6 0.35 
300 5 4.9-5.1 5.0 0.04 
10 9.8-10.1 9.9 0.04 
50 49.8-50.8 50.3 0.37 
100 99.1-100.2 99.6 0.45 
^Six analyses. 
^S.D. = standard deviation. 
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solution resulted in a yellowish-green color when +-he reducing 
reagent (reagent B) was added to an aliquot of the chelating 
solution for determination of phosphate. Then the solution 
was decolorized slowly and after about 30 minutes a blue color 
developed in the EDTA solutions containing 0.00 4 M Fe^^ but 
not in the corresponding NTA solution. However, the EDTA 
solution gave very erratic results. Murphy and Riley (1962) 
reported that concentrations of Fe*^ up to 50 yg per ml do 
not interfere in the phosphomolybdenum color development by 
the ascorbic acid procedure. The concentration of Fe^^ (223 
yg per ml) used in this work was, however, much higher than 
+3 
the concentration of 50 ppm Fe used by Murphy and Riley 
(1962). 
Discussion 
Any colorimeter and spectrophotometer that permits color 
intensity measurements at 680-730 nm can be used in the pro^ 
cedure described. The maximum absorption of the blue color 
is at 720 nm. 
Calibration graphs prepared as described obey Beer's Law 
up to 10 yg phosphate-P if the Klett-Summerson colorimeter 
is employed. With higher amounts of P in the solution, the 
curve will deviate from Beer's Law and phosphate-P values 
greater than 10 yg P should be diluted before color develop­
ment. Standard curves were highly reproducible from day to 
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day so that it was not essential to draw a new calibration 
curve each time samples were analyzed, but one or two 
standards were run each time with the samples to insure the 
validity of the standard curve. 
Although any pH meter may be employed in the titrations 
of the solutions of EDTA or NTA, a digital pH meter is more 
convenient to use because of its better readability. This is 
especially important if many samples are to be analyzed. 
By the use of 5 N considerable time is saved during 
titrations because only a few milliliters of the acid is re­
quired for maximum precipitation of EDTA or NTA in the samples. 
Also, by the addition of only a few milliliters of the acid, 
excessive dilution of low P samples is avoided. However, the 
use of acids of greater concentration is not encouraged since 
one drop near the end point of the titration would drastically 
lower the pH much beyond the recommended pH value of 1.5. 
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PART 5. DEVELOPMENT OF METHOD FOR DETERMINATION OF 
INORGANIC P IN EDTA OR NTA EXTRACTS OF SOILS 
Introduction 
Some of the problems associated with the determination 
of phosphate-P in EDTA or NTA extracts of soils are similar 
to those encountered with aqueous solutions of EDTA or NTA 
(Part 4). But, in addition, there are problems peculiar to 
soils. The variability in soil properties, the numerous pos­
sible reactions of P with soils, and slow equilibration of soil 
phosphate with solutions in contact with it, necessitate special 
attention in the application of the procedure described in 
Part 4 to soils. 
The purpose of the work described in this part was to 
investigate and develop an appropriate method for determination 
of inorganic phosphates in EDTA or NTA extracts of soils. The 
method described here involves the extraction of phosphate-P 
for 4 hours at a constant room temperature (23 + 1°C) and a 
soil:solution ratio of 1:10. The extraction of phosphate-P 
by EDTA and NTA solutions was carried out at constant tempera­
ture because variation of temperature during extraction of 
phosphate is known to affect the amount of phosphate-P ex­
tracted (Stone, 1971). Extraction of P is followed by centri-
fugation and filtration (0.2u Metricel membrane filter). 
Precipitation of sparingly-soluble H-EDTA, H-NTA, and H-
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"humâtes" from organic matter is accomplished by titration of 
the extract with 5N H-SO.. 
— 6 4 
Topics investigated include time of extraction, soil: 
solution ratio, recovery of added phosphate-P, hydrolysis of 
organic-phosphate esters, accuracy, and precision. The method 
permits accurate and precise determination of phosphates in 
EDTA or NTA extracts of soils. 
Description of Method 
Reagents 
All the required reagents have been fully described in 
Part 4. 
Procedure 
Place 5 g of soil in a 100-ml plastic bottle and add 50 
ml of the EDTA or NTA solution; screw on the bottle cap 
tightly and shake the bottle for 4 hours at constant room 
temperature {23 + 1®C). After shaking, remove the bottle from 
the shaker and transfer about 40 ml of the soil suspension into 
a 50-ml centrifuge tube. Centrifuge the suspension at 12,000 
rpm for 10 minutes by using a Sorvall superspeed centrifuge 
(Ivan Sorvall, Inc., Norwalk, Conn.), then vacuum-filter the 
supernatant of the centrifuged extract through a 0.2y Metricel 
membrane filter {Gelman Instrument Co., Ann Arbor, Mich.). 
To determine phosphate P in the extract, proceed as described 
in Part 4. 
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Development of Method 
Time of extraction 
Figures 5.1 and 5.2 show the effect of different shaking 
periods of soil and extractant on the extractable inorganic 
phosphates. Increasing the extraction time to more than 4 
hours did not cause a considerable increase in the phosphate 
extracted compared to the amount of phosphate released in 4 
hours. In fact, except where the extractable phosphate-P 
was very high (such as when Ida soil was equilibrated with 
EDTA solution), the maximum release of PO^-P was attained in 
2 hours. However, a 4-hour shaking time was adopted for 
further evaluation of the method described for the extraction 
and determination of phosphates in soils. 
Soil:solution ratio 
Because phosphate-P is not all in solution but is rather 
strongly adsorbed by soil colloids, the amount of inorganic 
P extracted by any reagent varies with the soilrsolution ratio. 
As this ratio gets wider, the concentration of inorganic P in 
the soil extract decreases but its total amount increases. 
Table 5.1 shows the effect of soilrsolution ratio on the total 
amount of phosphate-P released by the soil. A soil:solution 
ratio of 1:10 was chosen for this investigation because at 
this ratio the concentration of phosphates in the EDTA or NTA 
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Figure 5.1. 
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Effect of time of extraction on the amount of 
phosphate-P extracted at soil/solution ratio of 
1/10 with 100 mM EDTA solution adjusted to 
pH 7.0 
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Figure 5.2. Effect of time of extraction on the amount of phos­
phate-? extracted at a soil/solution ratio of 
1/10 with 100 mM NTA solution adjusted to pH 7.0 
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extracts is high enough for determination by the procedure 
developed. Also, this ratio has been used in investigations 
of phosphates in soils by previous workers (Olsen et al., 
1954; Alexander and Robertson, 1972). At wider ratios, such 
as 1:50, the phosphate concentration in the soil extract is 
reduced, making its determination difficult, particularly 
for soils containing low amounts of phosphate-P. 
Recovery tests 
Recovery tests of added inorganic P to 100 mM EDTA or 
NTA extracts of Clarion and Canisteo soils showed that phos­
phate recovery was quantitative (99-101%). In those tests 
100 yg of phosphate-P were added to 25 ml of EDTA or NTA 
extract of soils and after 2 hours the inorganic P was deter­
mined by the method described. 
Accuracy and precision 
The precision of the method described is illustrated by 
Tables 5.2 and 5.3 which give the results of six replicate 
analyses of EDTA or NTA extracts of acid, neutral, and 
calcareous soils. 
Hydrolysis of organic phosphate esters 
Storage of untitrated soil extracts of EDTA or NTA for 
up to 5 days at laboratory room temperature (23 + 1®C) did not 
cause any detectable hydrolysis of organic P extracted from 
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Table 5.1. 
Soil 
Effect of soil:solution ratio on the total phos­
phate-? extracted by 100 mM EDTA or NTA solutions 
adjusted to pH 7.0 (shaking time of 4 hours) 
Soil:Solution Phosphate-P extracted, 
Series pH rat .lO .tc., —r 
EDTA NTA 
1 5 3.5 4.6 
1 10 4.6 6.5 
1 20 6.4 7.8 
1 50 10.6 11.2 
1 100 14.1 14.5 
1 5 38.5 22.2 
1 10 40.3 35.5 
1 20 48.6 45.7 
1 50 65.8 63.1 
1 100 76.7 68.5 
1 5 64.6 0.8 
1 10 120 1.6 
1 20 143 2.4 
1 50 168 8.3 
1 100 180 35.5 
Clarion 5.0 
Galva 7.0 
Ida 8 . 0  
Edina and Car.isteo soils studied (Table 5.4). Also, no 
measurable hydrolysis of organic P was detected in extracts 
that had been titrated and then allowed to stand on the 
bench at laboratory room temperature for up to five days. 
Hydrolysis of added organic phosphates (B-glycerophosphate, 
glucose-6-phosphate, p-nitrophenyl phosphate, inositol hexa-
phosphate) did not occur when 500 yg of organic P were added 
to soil extracts and inorganic P determined after 2 hours by 
the method described. However if storage for more than one 
day is contemplated before the determination of P, it is ad­
visable that the extract be stored in a refrigerator (4®C). 
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Table 5.2. Precision of method described using EDTA extract­
ing solutions 
Soil EDTA reagent Phosphate-P extracted. ppm of soil^ 
xnM pH Range Average SD^ 
Clarion 10 6.0 8.6-9.4 9.0 0.3 
10 8.0 8.1-8.9 8.4 0.3 
100 6.0 6.7-7.4 7.0 0.3 
100 8.0 3.9-4.4 4.2 0.2 
300 6.0 4.2-5.1 4.8 0.3 
300 8.0 3.9-4.7 4.3 0.2 
Gal va 10 6.0 40.2-43.6 42.1 1.5 
10 8.0 30.2-32.3 31.1 0.9 
100 6.0 54.9-57.7 56.1 1.3 
100 8.0 37.4-40.2 38.7 0.9 
300 6.0 44.4-47.2 45.4 1.1 
300 8.0 40.4-43.1 41.4 0.9 
Ida 10 6.0 0.6-0- 8 0.7 0.08 
10 8.0 0.6—0.8 0.7 0.05 
100 6.0 136-138 137 0.7 
100 8.0 115—121 119 1.0 
300 6.0 98-101 99 1.1 
300 8.0 103-105 104 0.8 
^Six analyses, 
°SD = standard deviation. 
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Table 5.3. Precision of method described using NTA extracting 
solutions 
Soil NTA reagent Phosphate-P extracted, ppm of soil^ 
mM pH Range Average SD^ 
Clarion 10 6.0 3.4-3.7 3.5 0.1 
10 8.0 2.9-3.2 3.1 0.1 
100 6.0 6 .0—6.5 6.3 0.2 
100 8.0 4.0-4.5 4.2 0.2 
300 6.0 6.3-6.7 6.6 0.2 
300 8.0 3.7-4.1 3.9 0.2 
Gal va 10 6.0 14.3-15.3 14.7 0.3 
10 8.0 14.5-15.2 14.8 0.3 
100 6.0 34.2-35.4 34.9 0.4 
100 8.0 28.5-29.8 29.1 0.4 
300 6.0 52.5-53.7 52.9 0.4 
300 8.0 38.5-39.8 39.1 0.4 
Ida 10 6.0 0.17-0.19 0.18 0.01 
10 8.0 0.26-0.30 0.28 0.02 
100 6.0 1.4-1.6 1.5 0.1 
100 8.0 1.3-2.1 2.0 0.1 
300 6.0 26.0-26.7 26.3 0.2 
300 8.0 14.4-14.8 14.6 0.2 
^Six analyses. 
^SD = standard deviation. 
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Table 5.4. Effect of storage time on the hydrolysis of native 
organic P in EDTA or NTA extracts of soils 
soil Extractant Days after extraction^ 
ug P04--P per g of soil 
Edina EDTA 6. 6 6. 8 6. 8 
NTA 7. 5 7. 1 7. 4 
Canisteo EDTA 38. 4 38. 4 39. 3 
NTA 14. 5 13. 8 14. 2 
^Untitrated soil extracts were stored for indicated 
number of days; then 25-ml aliquots were titrated and phos­
phate-? determined. 
Discussion 
Although the soil suspensions were centrifuged at very 
high speeds (12,000 rpm), nevertheless some fine silt and 
clay particles still remained in suspension. Therefore it 
was necessary to vacuum-filter the centrifuged samples 
through a membrane filter of 0.2y in pore diameter. Without 
the filtration through the membrane filter, higher colorimetric 
readings would have been obtained and consequently an over-
estimation of inorganic phosphate would have resulted. 
After the titration of the soil extracts with 5 N HgSO^ 
and the subsequent precipitation of the chelates, it was found 
that 1 hour was sufficiently long for the extracts of acid, 
neutral and slightly alkaline soils to stand on the bench be­
fore filtration through Whatman filter paper No. 2v. In other 
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words, no precipitates were formed after this filtration 
process. But if EDTA or NTA extracts of a calcareous soil 
were filtered 1 hour after the titration step precipitates 
continued to form in the filtrate, especially if the filtrate 
was left overnight. The longer the filtrate of the calcareous 
soil was left standing before filtration, the less the amount 
of precipitate that later formed in the filtrate. It should 
be pointed out that the value obtained for phosphate-P in the 
extract was unaffected by the length of time beyond 1 hour 
during which the titrated extract was allowed to stand before 
filtration. Therefore the additional precipitate was probably 
not H-EDTA or H-NTA but calcium sulfate. Thus, while sulfuric 
acid was perfectly suitable for the titration of the extract 
if only P was of interest, its use if Ca was being deter­
mined would be unsatisfactory. This problem is further 
investigated in the next part. 
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PART 6. FACTORS AFFECTING EDTA- AND NTA-EXTRACTABLE 
INORGANIC P AND ASSOCIATED CATIONS IN SOIL 
Introduction 
Inorganic phosphate-P in soil is mostly associated with 
+2 +2 +3 +3 
Ca , Mg , Fe , and Al . The amount of P associated with 
any of the above cations varies from soil to soil, and with­
in a given soil, with depth. Since the solubilities of phos­
phate compounds change with the environment of the system, 
a study of the factors that may affect both the amount of 
extractable P and associated cations was deemed necessary. 
The specific objectives of the present phase of the investi­
gation were; 
(1) To compare the effect of the precipitation of chelates 
from calcareous soil extracts with 5 N HCl or 5 N HLSO. on 
— — 2 4 
the amounts of P and Ca determined. 
(2) To determine the minimum concentration of EDTA or NTA 
at which the system is sufficiently buffered in the presence 
of soils with widely differing pH values. 
(3) To study the effects of pH and concentration of EDTA 
or NTA on the amounts of P, Ca, Mg, Fe, and Al extracted from 
soils. 
The investigation involved the extraction and determina­
tion of phosphate-P, Ca, Mg, Fe, and Al in eight surface soils 
by the method described in Part 5 with 5, 10, 50, 100, 200, and 
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300 mM EDTA or NTA solutions. Each concentration level was 
adjusted to pH values of 4, 6, 8, or 10. Thus, there were 
24 treatments per soil. The eight surface soils, which in­
cluded Clarion, Edina, Fayette, Galva, Ida, Marshall, Canisteo 
and Weller, were chosen to represent a wide range of pH, 
organic C, available P, and other soil characteristics 
(Table 3.2). 
Description of Method 
Reagents 
5 N HCl Add 415 ml of concentrated HCl, A. R. quality, 
to about 700 ml of water and adjust the volume to 1 liter with 
water. All other reagents have been described in Parts 4 
and 5. 
Procedure 
Weigh out into four 1/2-liter beakers the appropriate 
amounts of EDTA or NTA that would give a 5 mM concentration 
when adjusted to a final volume of 500 ml. Add about 450 ml 
of water. Place beaker on a magnetic stirrer. Insert a 
teflon-coated magnetic stirring bar and stir vigorously until 
all solids dissolve. Then add dropwise dilute hydrochloric 
acid or sodium hydroxide until the appropriate pH of 4, 6, 8, 
or 10, obtained. Transfer to 1/2-liter volumetric flask and 
make up the volume. Repeat for 10, 50, 100, 200, and 300 mM 
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concentrations. 
Extract PO^-P according to the method already described 
in Part 5. Measure the pH of the extract with a glass 
electrode prior to titration and then titrate the soil extract 
to pH 1.5. Filter off the precipitated chelates and humic 
acid. Determine P by the ascorbic acid method and Ca, Mg, 
Fe, and A1 in the titrated extract by an atomic absorption 
spectrophotometer according to the procedures described by 
the Perkin and Elmer staff (1971). 
Results 
Effects of HgSO^ and HCl on Ca and P determined in soil 
extracts 
The investigation in Part 5 showed that some precipitates 
continued to form, especially in calcareous soils, long after 
the extracts had been titrated to pH 1.5 and the chelate 
filtered. It indicated that the sulfuric acid used for the 
+2 
titration of the extract was precipitating Ca as calcium 
sulfate. Tables 6.1 to 6.4 show the values of P and Ca ob­
tained from EDTA extracts of Ida and Canisteo soils when 
titrated with either 5 N H2S0^ or 5 N HCl. In general, the 
P values were similar whether sulfuric acid or hydrochloric 
acid was used in the titration of the extract. Similarly, 
the values of Ca obtained at low EDTA concentrations (5 or 10 
mM) were not significantly different, irrespective of the kind 
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Table 6.1. Effects of titrating EDTA extracts of a calcareous 
soil (Ida) with HgSO^ or HCl on the amounts of in­
organic P and Ca determined (extractant pH=6.0) 
EDTA, mM 
(pH=6.0) 
PO4-P (ppitt) Ca (me/100 g) 
H2SO4 HCl H2SO4 HCl 
5 0.3 0.7 13.3 13.8 
10 0.9 0.8 24.1 24.8 
50 72.4 69.5 27.0 88.8 
100 131 128 27.1 88.6 
200 120 122 27.6 86.1 
300 88.3 106 31.1 81.7 
Table 6.2. Effects of titrating EDTA extracts of a calcareous 
soil (Ida) with HgSO^ or HCl on the amounts of in­
organic P and Ca determined (extractant pH=8.0) 
EDTA, mM 0
 1 (ppm) Ca (me/100 g) 
(pH=8.0) E2SO, HCl 
- 2 - 4  HCl 
5 0.3 0.8 12.1 12.0 
10 1.3 1.0 21.8 22.5 
50 99.8 99.1 32.3 99.2 
100 113 119 30.0 85.8 
200 110 114 29.0 67.3 
300 81.0 96.7 33.4 78.3 
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Table 6.3. Effects of titrating EDTA extracts of a calcareous 
soil (Canisteo) with HgSO^ or HCl on the amounts 
of inorganic P and Ca determined (extractant 
pH=6.0) 
EDTA, 
(pH=6. 
mM 
0) 
PO4-P 
H2SO4 
(ppm) 
HCl 
Ca (me/100 g) 
HgSO^ HCl 
5 3.8 3.7 12.0 13.2 
10 14.8 15.1 20.9 23.0 
50 52.0 51.2 39.4 46.8 
100 52.5 54.4 37.0 51.4 
200 43.2 42.0 33.2 47.3 
300 40.0 41.4 35.5 57.8 
Table 6.4. Effects of titrating EDTA extracts of a calcareous 
soil (Canisteo) with H.SO. or HCl on the amounts 
of inorganic P and Ca 
pH=8.0) 
determined (extractant 
EDTA, 
(pK=8. 
mM 
oT 
PO4-P 
=2=04 
(ppm) 
HCl 
Ca (me/100 g) 
xj cr\ 
5 3.3 3.1 11.4 12.0 
10 10.6 10.6 21.2 20.8 
50 53.2 47.4 31.9 46.5 
100 40.7 38.6 34.8 54.9 
200 38.1 37.5 34.2 45.5 
300 34.6 35.9 36.5 46.8 
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of acid used in the titration. However, at EDTA concentra­
tions of 50 mM or greater, the amounts of Ca determined were 
much greater with hydrochloric acid than with sulfuric acid. 
Buffering capacities of EDTA and NTA 
In order to choose one concentration level of EDTA and 
NTA which would be used for future studies, the pH of the soil 
extracts were measured with a glass electrode just before 
titration. An essential criterion for the choice of the che­
late concentration was that the solution should be fairly 
well buffered when added to soils. Measurement of the pH of 
the soil extracts obtained with EDTA or NTA solutions showed 
that the buffering capacity of the extractants increased with 
increased concentration. Moreover, at the soil/solution ratio 
used in these studies, at least 100 mM concentrations of EDTA 
and NTA were needed for effective buffering. EDTA had a 
greater buffering capacity than NTA. The addition of cal­
careous Ida soil to any NTA solution resulted in a much 
greater change in pH of extracts than with EDTA, especially if 
the NTA extractants had been originally adjusted to pH values 
of 4, 6 or 8. NTA solutions were effective in maintaining 
their original pH value, even in calcareous soils, if they 
were adjusted to pH 10. The addition of Ida soil to EDTA solu­
tions did not markedly alter the extractant pH if the con­
centration of the solutions was at least 100 mM with respect 
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to EDTA values. Tables 6.5 and 6.6 show the extractant pH 
values and the equilibrium pH values of extracts obtained 
from the acid Weller and calcareous Ida soils, respectively. 
For further studies involving extraction and determination of 
phosphate-P and metal ions (Ca, Mg, Fe, and Al), 100 mM 
with respect to EDTA or NTA was considered adequate, unless 
the investigation specifically involved studies of the effects 
of concentration of these chelates on extraction of P from 
soils. 
Effects of pH and concentration of EDTA or NTA solutions on 
the amounts of inorganic P, Ca, Mg, Fe, and Al extracted 
from soils 
The results of the effects of pH and concentration of 
EDTA and NTA solutions on the amounts of phosphate-P, Ca, Mg, 
Fe, and Al extracted from eight surface soils are shown in 
Appendices A and B. Attempts to prepare 300 mM EDTA at pH 
4.0 resulted in the precipitation of the chelate, hence no 
results are reported for this treatment. 
Effect of pH of EDTA on P extraction The effect of 
pH on the amounts of inorganic P extracted from soils by 
EDTA solutions depends on the concentration of the chelate 
and the type of soil. For acid, neutral, or slightly alkaline 
soils, the amount of P extracted by EDTA solutions of 100 mM 
or greater, decreased with increasing pH of the solutions up 
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Table 6.5. Equilibrium pH of EDTA or NTA extract of an acid 
(Waller) soil 
Concentration pH of Equilibrium pH 
of extractant loM extractant EDTA NTA 
5 4 4.6 5.6 
6 5.2 5.8 
8 5.8 5.5 
10 6.3 6.4 
10 4 4.3 5.5 
6 5.1 5.9 
8 6.1 5.9 
10 7.1 7.5 
50 4 4.1 5.9 
6 5.9 6.0 
8 7.3 6.6 
10 9.8 9.7 
100 4 4.1 5.4 
6 6.0 6.0 
8 7.7 7.2 
10 9.9 9.9 
200 4 4.1 5.0 
6 6.1 5.9 
8 8.0 7.3 
10 10.0 9.9 
300 4 — 4.8 
6 6.3 5.9 
8 8.2 7.9 
10 10.1 9.9 
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Table 6.6. Equilibrium pH of EDTA or NTA extract of 
calcareous (Ida) soil 
Concentration pH of Equilibrium pH 
of extractant mM extractant EDTA NTA 
5 4 7.4 7.6 
6 7.8 7.8 
8 7.7 7.6 
10 7.5 7.8 
10 4 7.4 7.7 
6 7.7 7.7 
8 7.7 7.9 
10 8.2 8.4 
50 4 6.5 7.6 
6 7.5 7.6 
8 8.1 7.7 
10 10.2 10.0 
100 4 4.7 7.8 
6 6.3 7.7 
8 7.8 7.8 
10 10.2 10.1 
200 4 4.6 7.4 
6 6.2 7.5 
8 7.9 8.0 
10 10.1 10.1 
300 4 - 7.2 
6 6.3 7.4 
8  8 . 2  8 . 0  
10 10.3 10.1 
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to pH 8 (the lowest amount of P was extracted when the pH 
of the extractant was adjusted to 8). With further increase 
in pH, EDTA-extractable P increased up to pH 10. At low EDTA 
concentrations (5 or 10 mM), pH did not make much difference 
in inorganic P extracted (Appendix A). For the calcareous 
soils, increasing the pH of EDTA solutions from 4 to 8 caused 
an increase in the amount of phosphate-P extracted, but a 
further increase in extractant pH caused a marked reduction 
in the amounts of phosphate-P extracted from these soils. As 
with the acid and neutral soils, pH of low concentrations of 
EDTA did not affect the amounts of phosphate-P extracted from 
calcareous soils. 
Effect of pH of NTA on P extraction Generally, the 
amounts of inorganic P extracted by NTA were slightly lower 
than the amounts extracted by EDTA at corresponding pH and 
concentration. But the trend in P values with pH was similar 
to that observed for EDTA on acid and neutral soils. Figure 
6.1 shows the effect of pH of EDTA or NTA solutions on the 
amounts of phosphate-P extracted from acid Edina soil (soil 
No. 8). The effect of pH of NTA solutions was different from 
that of EDTA solutions on the amounts of inorganic P ex­
tracted from calcareous soils. For the calcareous Ida soil 
(soil No. 1), no maximum or minimum extractable P was observed 
with NTA solutions; rather an increase in pH of solutions gave 
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Figure 6.1. Effect of pH of EDTA or NTA solutions on the 
amounts of phosphate-P extracted from Edina 
soil (soil No. 8) 
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either an increase or a decrease in the phosphate-P extracted 
depending on the concentration levels (Table B.6). For low 
concentrations of NTA (5 or 10 mM), a greater amount of phos­
phate-P was extracted as the pH values of the solutions were 
increased. This trend was reversed at 200 and 300 mM NTA; 
at these concentrations of NTA solutions, phosphate-P ex­
tracted decreased with increasing pH. 
Effect of pH of EDTA on Ca and Mg extraction For 
acid, neutral, and slightly alkaline soils, increasing the pH 
of EDTA solutions resulted in a corresponding increase in the 
amounts of Ca and Mg extracted. More Ca than Mg was always 
extracted. In calcareous Ida soil (soil No. 1), an increase 
in pH of EDTA solutions resulted in a decrease in the amounts 
of Ca and Mg extracted (Table A.6). 
Effect of pH of NTA on Ca and Mg extraction For all 
soils, the amounts of Ca and Mg extracted increased as the 
alkalinity of the NTA solutions increased. The amounts of 
Ca and Mg extracted by NTA solutions were lower than those 
by EDTA. In some soils (e.g., Glava, Ida, and Canisteo), 
very low Ca values were obtained when 200 or 300 mM NTA solu­
tions of pH, 4, 6, or 8 were used to extract phosphate-P and 
cations from soils. 
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Effect of pH of EDTA on Fe and Al extraction The ex­
traction of acid, neutral and slightly alkaline soils with 
EDTA solutions of increasing pH values of 4, 6, and 8 re­
sulted in decreasing amounts of Fe and Al. Further increase 
in pH resulted in an increase in the amounts of Fe and Al ex­
tracted. Figure 6.3 shows the trend of the amounts of Fe and 
Al extracted from Clarion soil by EDTA solutions with pH. 
For a calcareous soil, such as Ida, an increase in the pH 
of EDTA solutions caused a continuous decrease in both Fe 
and Al extracted (Table A.6). 
Effects of pH of NTA on Fe and Al extraction The pH 
of NTA solutions had similar effects on all the eight soils 
used in this investigation; extractable Fe and Al decreased 
sharply as the pH values of the solutions increased from 4 
to 10. The effect of pH of NTA solutions on the amounts of 
Fe and Al extracted from acid Clarion soil (soil No. 4) is 
illustrated in Figure 6.4. At pH 10, irrespective of the con­
centration of NTA, no Al was detected in extracts of the Ida 
soil by the atomic absorption procedure used to measure Al 
(Table B.6). 
Effect of EDTA concentration on P extraction At any 
given pH value, increasing concentration of EDTA up to 100 
mM resulted in increasing amounts of phosphate-P being ex­
tracted from slightly acidic, neutral, and slightly alkaline 
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soils. Then there was a leveling off or a slight decrease 
with further increase in EDTA concentration. For highly cal­
careous soils, little or no phosphate-P was extracted at con­
centration of 5 and 10 mM EDTA. However, at 50, 100, 200, or 
300 mM EDTA, large amounts of phosphate-P were extracted. 
But there was an appreciable decrease in inorganic P extracted 
at 300 mM EDTA compared to the maximum at 100 mM EDTA (Table 
A.6). The amounts of inorganic P extracted from calcareous 
soils by 5 or 10 mM EDTA solution were markedly smaller than 
the amounts extracted from acid and neutral soils by 5 or 10 
mM EDTA. On the other hand, the amounts of PO.-P extracted 
— 4 
from calcareous soils by 100 mM EDTA or greater were much 
higher than the amounts extracted from acid and neutral soils 
at same concentration and pH of extractant. 
Effect of NTA concentration on P extraction In acid 
and slightly alkaline soils, NTA extracted slightly less 
phosphate-P than did EDTA. In most cases, as the concentra­
tion of NTA increased, the amount of inorganic P extracted 
increased up to 300 mM NTA (Tables B.l, B.2, and B.3). But, 
NTA was particularly ineffective in the extraction of in­
organic P from calcareous Ida soil when 5-100 mM of this che­
late were used. At 200 and 300 mM NTA, the phosphate-P ex­
tracted greatly increased but the amounts were still consider­
ably less than those extracted by EDTA at the same pH and 
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concentration. Figures 6.1 and 6.2 show the effect of low 
(5 mM) and high (100 itiM) concentrations of NTA and EDTA on 
the amounts of phosphate-P extracted from acid (Edina) and 
calcareous (Ida) soils, respectively. The ineffectiveness of 
NTA as an extractant for inorganic P in calcareous soils in 
well illustrated in Figure 6.2. 
Effect of EDTA concentration on Ca and Mq extraction 
For a given pH, an increase in the concentration of EDTA re­
sulted in an increase in the amounts of Ca and Mg extracted 
from each soil used in this study. As would be expected, the 
amounts of Ca extracted from the calcareous soils were much 
higher than those extracted from neutral and acid soils. 
Effect of NTA concentration on Ca and Mg extraction 
For slightly acid soils, the amounts of Ca and Mg extracted 
increased with increase in concentration of NTA. The amounts 
of Mg extracted also increased with increased extractant con­
centration in neutral, slightly alkaline, and calcareous soils. 
For these neutral, slightly alkaline, and calcareous soils, 
low Ca values were found at high concentration of NTA adjusted 
to pH values of 4, 6, or 8. In other words, at any pH value 
between 4 and 8, the amount of Ca increased with concentration 
up to 50 or 100 mM NTA and then decreased with further increase 
in chelate concentration. This trend in Ca behavior was 
observed for Galva, Canisteo, and Ida soils; these soils have 
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free calcium carbonate contents ranging from 0.3 to 3.3%. 
These low Ca values at high NTA concentration were not observed 
with EDTA solutions of high concentration. 
Effect of EDTA concentration on Fe and A1 extraction 
The effect of increasing the concentration of EDTA was that of 
increasing the amounts of Fe and A1 extracted from all soils 
up to 300 mM EDTA. However, in general the amounts of Fe and 
A1 extracted were lower with 300 mM EDTA thsn those extracted 
with 100 mM EDTA. 
Effect of NTA concentration on Fe and Al extraction 
Increasing concentration of NTA resulted in increasing amounts 
of Fe and A1 being extracted from acid and neutral soils with 
chelate solutions of pH 4, 6/ or 8. But for NTA solutions 
adjusted to pH 10, increase in concentration up to 50 or 100 
mM resulted in an increase in the amount of A1 extracted; 
further increase in NTA concentration depressed the amount 
of Al extracted. This was also observed for Fe in a few soils 
(Clarion, Edina, and Weller). For calcareous Ida soil (Table 
B.6), no Al was detected at 5 and 10 iiM NTA. At 50 mM NTA 
or greater, Al was detected in extracts obtained with solu­
tions of pH 4, 6, and 8. No Al was detected at all con­
centrations of NTA of the solutions were adjusted to pH 10. 
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Recovery of Ca^ Mg^ Fe, and A1 
Recoveries of added Ca, Mg, Fe, and A1 from 100 mM EDTA 
or NTA solutions adjusted to pH values of 4 and 8 were quanti­
tative (99-101%). In these recovery studies, known amounts 
of Ca, Mg, Fe, and A1 were added to 25 ml of 0.10 M EDTA 
or NTA and were determined in the filtrate after titration 
with 5 N HCl as described in the procedure developed. The 
amounts of these metals added to EDTA and NTA solutions were 
such that the final concentrations of these metals in solution 
were similar to those in EDTA or NTA extracts obtained from 
soils used in this work. 
Discussion 
At low EDTA concentrations not enough Ca was extracted 
from soils to precipitate Ca when sulfuric acid was used to 
titrate the soil extracts. Therefore the use of sulfuric 
acid and hydrochloric acid gave very similar results when 
either of these acids was used to titrate the soil extract. 
Sut the vary lew values of Ca from Ida soil at high EDTA con­
centrations when sulfuric acid was used for the precipitation 
of the chelate indicated that some Ca was precipitated during 
the titration step involved in the procedure used (Tables 
6.1-6.4). Since a much greater êunount of Ca was extracted at 
high concentrations of EDTA, the addition of HgSO^ caused the 
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solubility-product constant of CaSO^ to be exceeded (CaSO^ 
precipitation). CaClg is much more soluble than CaSO^, 
hence little or no precipitation of CaClg was to be expected 
by titrating the soil extracts of EDTA with HCl. 
+2 
Benne et al. (1936) reported that Ca did not precipi­
tate PO^ ^ from solution as long as the pH remained low. He 
found that large additions of CaClg to P solutions did not 
precipitate any P until the pH was raised by sodium hydroxide 
addition. This finding agrees with the results in Tables 6.1 
to 6.4. At a given pH, the inorganic P values were similar 
when HgSO^ or HCl was used for titration. The only exception 
was when 300 mM EDTA extract of Ida soil was titrated. At 
this concentration PO.-P was lower in extracts titrated with 4 
sulfuric acid. The reason for this was not very apparent. 
But it was possible that the precipitates of EDTA and CaSO^ 
(which are quite bulky) when 300 mM EDTA was used for titra­
tion, could result in coprecipitation of some phosphate ions 
from solution. This was less likely to happen at lower con­
centrations because of the smaller quantities of calcium 
sulfate and EDTA precipitated. 
For a high buffering capacity, a solution should have a 
high concentration and its pH should be as close as possible 
to the pK value. For BDTA, pH values of 6 and 10 were close 
to its third and fourth dissociation constant (Part 2, p. 31); 
therefore the EDTA solutions adjusted to pH values of 6 or 10 
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were fairly constant when soils were added to them. For NTA, 
the pH value of 10 was close to its third dissociation constant; 
therefore on addition of soils, NTA was still able to maintain 
this pH value at high concentrations (Tables 6.5 and 6.6). 
In soils a cation must satisfy two requirements in order 
to compete successfully for an appreciable fraction of a che­
lating ligand. First, an adequate quantity of the cation must 
be present in solution or in equilibrium with the soil solution 
to permit formation of a significant part of the metal chelate 
complex. Second, the chelates of this cation must possess 
sufficient stability to exist in equilibrium with the concen­
tration of the cation and free ligand in solution. 
The amount of PO^-P found in a soil extract of EDTA and 
NTA depends on the amount of extractable Ca, Mg, Fe, and Al 
originally chemically bound to phosphate ions. The chelation 
of any fraction of these metals bound to P means a release of 
+ 2  
some amount of P. For instance the chelation of the Ca from 
CaHPO^ by EDTA yields the following reaction: 
CaHPO, + EDTA ^ Ca-EDTA + h"^ + PO-"^ . 4 4 
+2 +2 +3 Since a great amount of the metal ions Ca , Mg , Fe , or 
+3 —3 Al may not necessarily be bound to PO^ , the amount of 
PO^ ^ extracted is invariably less than the amounts of the 
cations extracted. 
The generally lower NTA-extractable P, Ca, Mg, Fe, or Al 
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compared with those extracted with EDTA are due to the lower 
stability constants of the complexes of Ca*^, Fe^^, 
and Al*^ with NTA. The stability constant of the complexes 
formed from NTA and Mg^^, ca*^, Al"*"^, and Fe*^ are 5.41, 6.41, 
11.6, and 15.9, respectively, (Hampshire NTA Technical 
Bulletin, 1960b), while the stability constants of the 
complexes of these metals with EDTA are 8.7, 10.7, 16.1, and 
25.1 (Fritz and Schenk, 1969). 
At low concentrations (5-10 mM) , EDTA extracted very 
little P from calcareous soils. The amount of P extracted 
at these low EDTA concentrations were inversely proportional 
to the percentage of free calcium carbonate in the soil. 
For example, the 5 and 10 mM solutions were more effective 
in extracting phosphate-P from Canisteo soil (soil No. 13) 
containing 0,54% free calcium carbonate than from Ida soil 
(soil No. 1) which had 3.3% free calcium carbonate. The in­
ability of low concentrations of EDTA solutions to extract 
inorganic P from calcareous soils is due primarily to the 
fact that most of the molecules of the chelate will be in-
+2 
volved in the first stage of chelation of the free Ca 
solubilized from CaCO^. With increasing EDTA concentration, 
additional chelate molecules can then participate in the 
+2 
second stage of reaction—complexing of Ca associated with 
sparingly-soluble calcium phosphates. 
Since NTA-metal complexes have lower stability constants 
101 
than EDTA complexes, a higher concentration of NTA is re-
quired to complete the first stage of chelation of Ca 
from free calcium carbonate. 
The trend in behavior of extractable P, Fe, and Al as 
functions pH (Figure 6.3) indicates that Al and Fe com­
pounds may be important in controlling the solubility of phos­
phate-? in soil. Total inorganic Fe(III) in soil solution 
varies with pH and reaches a minimum in the pH range of 6.5-
8.0 (Lindsay, 1972). Inorganic phosphate-P also varies with 
pH and reaches a minimum in the pH range of 7.5-8.0. Magis-
tad (1925) reported that minimum solubility of Al in the soil 
was between pH 4.5 and 7.5. The relative importance of these 
cations and Ca and Mg to the contribution of chelate-extrac-
table P is examined in the next part. 
Increase in extractable P, Al, and Fa at low pK of ex-
tractants may be due, at least in part, to an increase in non-
exchangeable Fe and Al. Skeen and Sumner (1967) found that 
the total amount of Al extracted with NH^Cl increased with 
decreasing pH of the extractant. They also reported that the 
amount of exchangeable Al extracted remained fairly constant 
over a range in pH suggesting that the increase in the total 
Al values was due to an increase in the nonexchangeable Al 
forms. Both EDTA and NTA complex Fe and Al strongly in 
slightly acidic solutions. At lower pH values protonation 
decreases the efficiency of the chelates to complex metal ions. 
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In soils, however, this decreased efficiency may be partially 
compensated for by the increase in nonexchangeable forms of 
A1 and Fe. When EDTA and NTA are adjusted to pH values of 
8 and 10, their complexing abilities are greatly enhanced 
due to an increase in the proportion of unprotonated chelate 
species. For instance, at pH 8, EDTA solution of a given 
concentration contains four times as much unprotonated species 
as the same solution at pH 4. This increased efficiency of the 
chelates in alkaline pH range would theoretically result in 
greater extraction of the metal ions, unless hydrolysis of 
metal ions occurs. 
With increasing value of the pH of a solution there is an 
increasing tendency for the formation of slightly soluble forms 
of some metal hydroxides, such as iron and aluminum (Welcher, 
1358). The overall process for NTA may be represented as 
follows; 
MY^~^ + nOH" M(OH)n + 
where M represents a metal ion, Y represents NTA, 
and n is moles of base added. 
Thus an increase in the hydroxyl ion concentration tends to 
shift the equilibrium to the right, that is, cause the precipi­
tation of the metal hydroxide, and consequently results in a 
loss of complexing efficiency. It can be shown that. 
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where 
= hydrolysis constant of metal ions. 
Kg = stability constant of metal chelate, 
Kgp = solubility product constant of metal hydroxide 
A positive indicates a strong possibility that 
15 9 hydrolysis may occur. Using the values of 10 * for the 
stability constant of NTA for Fe(III) and 10 for the 
solubility-product constant for ferric hydroxide, the is 
10^^'^. Similarly, using the values of 10^^*^ and 10 
the for A1 (III) is 10^^*®. Thus there is a great 
tendency for A1 and Fe to hydrolyze in NTA solutions of 
high pH. 
In calcareous soils the large amounts of free Ca and the 
great tendency for A1 and Fe to precipitate as hydroxides may 
be responsible for the inability of NTA solutions of high pH 
to complex Al. Also, this metal hydroxide formation may be 
responsible for low Fe and Al values in the soil extracts of 
EDTA solutions adjusted to pH 10. 
Norvell (1972) has drawn the stability diagrams of some 
metal chelates in soils. In these diagrams, using a total 
-4 
chelate concentration of 10 M, the mole fraction of EDTA or 
NTA associated with h"*", Ca"*"^, Mg^^, Fe"*"^, and Al^^ are plotted 
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as functions of soil pH. The stability diagram for NTA 
shows that the protonated species of NTA are of importance 
in the pH range of 4.5 to 6.5. The presence of appreciable 
amounts of protonated NTA species may partly explain the low 
Ca values obtained at high concentrations of NTA solutions 
adjusted to pH values 4, 6 and occasionally 8 (Table B.6). 
The higher concentration of NTA solutions (200 and 300 mM) 
maintained better buffered solutions than the lower con­
centrations. However, the maintenance of these pH values near 
4 and 6 also entails the presence of a considerable amount of 
H-NTA. This means a decreased NTA complexing efficiency for 
Ca in this pH range. The mole fraction of Ca associated with 
NTA in acid medium is less than those for Fe and Al. Hence 
the presence of H-NTA has a greater effect on Ca than on Al 
or Fe, At pH 10 where the presence of H-NTA is negligible 
NTA is still able to extract Ca. 
The fast decrease of extractable Fe and Al with an in­
crease in the pH of NTA found in this study is consistent with 
the sharp drop in the mole fraction of NTA associated with 
Fe and Al at pH values above 5.0 found by Norvell (1972). 
Also, the increase in the mole fraction of EDTA associated 
with Fe and Al at pH values less than 5 and with Ca at pH 
values greater than 5.5 reported by Norvell (1972) agree with 
the results of this study in which increasing amounts of Fe 
and Al were extracted with decreasing pH, and increasing 
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amounts of Ca with increasing pH of the extractants. 
Although the above discussions have been limited mostly 
to Ca, Fe, and Al, it should be mentioned at this point that 
the reactions of Mg parallel those of Ca in most cases. How­
ever, the greater Ca values and its higher stability constant 
compared to Mg make Ca more important in controlling the 
equilibrium levels of the metal ions and metal chelate con­
centrations . 
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PART 7. RELATIONSHIPS BETWEEN INORGANIC P AND 
ASSOCIATED CATIONS EXTRACTED BY EDTA 
OR NTA SOLUTIONS 
Introduction 
The release of inorganic phosphates from soil by EDTA 
or NTA is based on the coraplexation of the metallic ions 
associated with the phosphate ions. The use of the sodium 
salts of EDTA or NTA serves a dual purpose in the extraction 
of P. First, the sodium ions can replace adsorbed metallic 
ions. Second, the EDTA or NTA can then complex the displaced 
ions in solution thereby preventing further reaction of the 
metallic ion with the released PO,-P. 4 
The ionic species of the phosphate ion in soil solution 
change as the hydrogen ion activity of the solution changes. 
Thus, the study of phosphate requires that the pH of the 
system be known and specified. This means that the pH of the 
extractant should be highly buffered so that it does not change 
drastically when added to soil samples or that the equilibrium 
pH of the soil extract be measured. Fractionation and charac­
terization .of soil P into aluminum, iron, and calcium phos­
phates have been carried out by extracting the soil P with 
ammonium fluoride, sodium hydroxide, and sulfuric acid (Chang 
and Jackson, 1957). Each of the extractants operates at a 
specific pH at which Al-P, Fe-P, or Ca-P dissolves. The use of 
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a series of extraction and washing reagents in the fraction­
ation procedure could lead to the conversion of one form of P 
to another, partially vitiating the purpose of the work. Also 
the method is long and tedious. Because of the limitations 
of the present methods of investigating soil P it was deemed 
desirable to study the use of a single extractant at a 
particular pH as a means to characterize soil P. Specifically 
the objectives of this study were: 
(a) To study the relationships between P and the metal 
+2 +2 +3 +3 ions Ca , Mg , Fe , and A1 extracted by a single chelating 
extractant. 
(b) To study the effect of pH on these relationships. 
In order to study the relationships between inorganic P 
+2 
released by the chelates, EDTA or NTA, and metallic ions Ca , 
Mt^^, Fe^^, and Al^^, it was first necessary to choose one con­
centration level of the extractants. Based on the results of 
Part 6, 100 mM EDTA or NTA was chosen. At this concentration 
level the buffering of the solution is generally high (Table 
6.5 and 6.6). The addition of 5 g of soil samples to 50 ml 
of these chelating solutions (except addition of calcareous 
soils to NTA solutions) does not drastically change the origi­
nal pH of the solution. 
The study involved the extraction of P, Ca, Mg, Fe, and 
A1 by 100 mM EDTA or NTA solutions adjusted to pH of 4, 6, 8, 
or 10 and the determination of these metals in the extracts. 
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The procedure is similar to those employed and described in 
previous parts. The soils samples included fourteen samples 
from the 0-15 cm layer, eleven from the 30-45 cm layer, and 
five from the 75-100 cm layer. 
Results 
The amounts of P and metal ions extracted from individual 
soils by 100 mM EDTA or NTA solutions adjusted to pH A, 6, 
8 or 10 are reported in Appendices C and D. 
Variation of P and cations with depth 
Table 7.1 shows the mean values of P, Ca, Mg, Fe, and A1 
for different soil layers. The result for each layer is an 
average of the values at pH 4, 6, 8, and 10 (the individual 
values for each soil are reported in Appendices C and D)-
These average values show that the least amount of P, Ca, and 
Fe occur at the 30-45 cm layer. Magnesium, and to a lesser 
extent Al, increased with increasing depth. The values for 
NTA extracts are lower than those for EDTA except for Mg where 
NTA extracted considerably higher amounts than did EDTA. Other­
wise the trend for P and associated metal ions with depth were 
similar for EDTA and NTA. 
While average values may show that P, Ca, and Fe are at 
a minimum in the 30-45 cm layer and that Mg and Al increase 
with depth, the trend in an individual soil may be quite 
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Table 7.1. Mean of the amounts of P and cations extracted 
from different soil layers by 100 mM EDTA or NTA 
, Mean values of extracted ions 
Soil layer (me/100 g of soil) 
cm .. P Ca Mg Fe A1 
soils 
EDTA 
0-15 14 0.33 25.73 4.40 1.68 3.03 
30-45 11 0.16 18.70 5.08 1.15 4.45 
75-100 5 0.40 24.67 7.10 1.71 4.34 
All layers 30 0.28 22.97 5.10 1.49 3.77 
NTA 
0-15 14 0.16 19.05 5.47 1.21 1.38 
30-45 11 0.03 14.32 8.46 1.03 2.31 
75-100 5 0.12 21.74 12.06 1.57 1.72 
All layers 30 0.11 17.76 7.69 1.20 1.78 
different from this average behavior. Four of the soil 
series investigated had complete profiles. These soils were 
Fayette, Marshall, Tama, and Monona. Figures 7.1 to 7.4 
show the profiles of these soils for P, Ca, Mg, Fe, and A1 
extracted by EDTA or NTA solutions adjusted to pH 4. Figures 
7.2 shows that both Mg and A1 decreased slightly with in­
creasing depth when Marshall soil was extracted by EDTA. This 
is the reverse of the average trend reported in Table 7.1. 
Figure 7.4 shows that there was practically no change with 
depth in the amount of P extracted from Monona soil by 100 mM 
Figure 7.1. Variation of P, 
in Fayette soil 
or NTA adjusted 
Ca, Mg, Fe, and Al with depth 
extracted with 100 mM EDTA 
to pH 4 
Ill 
PxlO, Ca, Mg, Fe, A1 (me/lOOg soil) 
Figure 7.2. Variation of P, Ca, Mg, Fe, and Al with depth 
in Marshall soil extracted with 100 inM EDTA 
or NTA adjusted to pH 4 
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Figure 7.3. Variation of P, Ca, Mg, Fe, and Al with depth 
in Tama soil extracted with 100 mM EDTA or NTA 
adjusted to pH 4 
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Figure 7.4. Variation of P, Ca, Mg, Fe, and Al with depth 
in Monona soil extracted with 100 mM EDTA or 
NTA adjusted to pH 4 ^ 
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NTA. The ability of NTA to complex Mg is evident in the 
subsurface layers of Marshall soil. Differences in the 
individual profiles can also be seen in the amounts of Ca 
extracted from Marshall and Monona soils (Figures 7.2 and 7.4, 
respectively). In the Marshall soil the change in Ca with 
depth was very small while in Monona soil the subsoil Ca was 
very high. 
Variation of P and cations with pH 
The mean values of P, Ca, Mg, Fe, and Al extracted by 
100 mM EDTA or NTA at different pH values are shown in Table 
7.2. These mean P and cation values include all samples that 
are acid, alkaline, and calcareous soils. With EDTA, P and 
Fe had minimum values at pH 8, and Al at pH 6. Both Ca and 
My showed the opposite trend to Fe and Al. Ca and My in­
creased to a maximum values at pH 6 and then decreased with 
further increase in pH. With NTA, P also had a minimum value 
at pH 8. Ca and Mg increased continuously with an increase 
in the pH of the extractant. In some instances, especially 
with calcareous soils,Al was not detected in NTA extracts 
originally adjusted to pH 10 (Appendix D). 
Some insight into the relationship between P and the 
metal ions extracted by the chelates may be obtained by 
examining the simple correlation coefficients (Table 7.3). 
These results include acid, slight alkaline, and calcareous 
119 
Table 7.2. Mean of the amounts P and cations extracted by 
100 mM EDTA or NTA adjusted to different pH 
values 
Extractant 
pH 
Mean values 
(me/100 
of P and cations 
g of soil)^ 
P Ca Mg Fe A1 
EDTA 
4.0 0.32 22.23 4.74 1.88 5.31 
6.0 0.26 23.69 5.75 1.53 2.80 
8.0 0.21 23.19 5.19 1.21 2.94 
10.0 0.32 22.78 4.00 1.32 4.00 
NTA 
4.0 0.11 15.96 7.53 1.70 2.69 
6.0 0.10 16.48 7.40 1.46 2.17 
8.0 0.07 16.69 7.64 1.08 1.48 
10.0 0.14 21.92 8.10 0.57 0.86 
^Mean values of 30 soil samples used in this work. 
soils. In general. Table 7.3 shows that P had high positive 
correlation with Ca and Mg and negative correlation with Fe 
and A1 at any given pH of EDTA extractant. The negative 
correlation of P with Fe was not significant under acid condi 
tions. Correlations between P and the cations extracted by 
NTA were very low. Care should be taken in interpreting 
correlation coefficients since a few soils with very high or 
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Table 7.3. Correlation coefficients between P and metal ions 
extracted from soils with 100 mM EDTA or NTA 
(all samples) 
Extractant 
pH 
Correlation Coefficients 
Ca Mg Fe A1 
EDTA 
4.0 0.876** 0.817** 0.183 -0.435* 
6.0 0.969** 0.862** -0.038 -0.448* 
8.0 0.955** 0.640** -0.325 -0.358 
10.0 0.768** 0.318 -0.277 -0.448* 
NTA 
4.0 0.096 0.004 0.207 -0.103 
6.0 0.083 0.021 0.222 0.070 
8.0 0.176 -0.029 —0.066 -0.182 
10.0 0.079 -0.007 -0.216 -0.087 
D.F. at each pH level = 28 
Significant at 5% level. 
** 
Significant at 1% level. 
low values of an ion can have a tremendous influence on the 
coefficients of correlation. 
Using the backward elimination technique and the step­
wise procedure the variables that explained most of the 
variation in P were determined by multiple linear regression. 
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The important variables, their regression coefficients, and 
standard partial regression coefficients are shown in Table 
7.4 for the EDTA extractant. Both the regression coefficients 
and the standard partial regression coefficients show that when 
all soils (acid, alkaline, and calcareous) are used in the 
+2 +3 
same regression, Ca and Fe are the most important cations 
+2 +2 
at pH 4 and 6, while Ca and Mg are more important in 
+2 the alkaline medium. With these soils Ca is important at 
2 
all pH values. The analysis of variance and the R values 
are shown in Table 7.5 for EDTA extracts. The results agree 
Table 7.4. Regression coefficients and standard partial re­
gression coefficients of significant variables in 
EDTA extracts of soils (all samples) 
pH Source B values Standard B 
values 
4.0 Mean -0.148 -
Ca -0.012 0.895 
Fe 0.104 0.250 
6.0 Mean —0.251 -
Ca 0.017 0.988 
Fe 0.069 0.121 
8.0 Mean -0.167 
Ca 0.016 0.955 
10.0 Mean -0.207 
Ca 0.014 0.738 
Mg 0.045 0.212 
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2 Table 7.5. Analysis of variance and R values for P extracted 
from all soils by 100 mM EDTA adjusted to different 
pH values 
pH Source D.F. M.S. F R2 
4.0 Regression 2 1.4111 66.06** 0.830 
Ca 1 2.6106 122.22** 0.768 
Fe 1 0.2115 9.90** 0.062 
Residual 27 0.0214 
6.0 Regression 2 2.2090 275.47** 0.953 
Ca 1 4.3523 542.73** 0.939 
Fe 1 0.0658 8.20* 0.014 
Residual 27 0.0080 
00
 
o
 
Regression 1 3.3912 288.59** 0.912 
Ca 3.3912 288.59** 0.912 
Residual 28 0.0118 
10.0 Regression 2 1.2955 23.36** 0.634 
Ca 1 2.4110 43.48** 0.590 
Mg 1 0.1800 3.25 0.044 
Residual 27 0.0555 
^•î rrw-i •P •> r-an-l- a 
**Significant 
t 5% 1 
at 1% 
evel. 
level. 
with those obtained by using regression coefficients. High 
2 R values were obtained at pH values of 4, 6, and 8. At pH 
10 only 63% of the variation in ? could be explained by Ca 
and Mg compared to 83, 95, and 91% at pH 4, 6, and 8, 
respectively. 
At 10% level of significance no cation was important 
enough to account for the variations of P in NTA ex­
tracts when all the soils are considered together. 
The soils used in this investigation varied greatly in 
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their chemical properties. Among these the variation in 
calcium was the greatest. The high Ca values were due to 
the presence of free calcium carbonate in some profiles. 
Ca values varied from 8.5 to 101 me per 100 g of soil in 
EDTA extracts, and from 5.9 to 75.4 me per 100 g of soil in 
NTA extracts. Even though the number of samples with free 
calcium carbonate was small, yet the high Ca values would 
unduly influence any statistical analysis to be performed and 
possibly mask the effect of other variables. The effect of 
free lime on P extracted as a function of pH is evident from 
Figures 7.5 and 7.6. In slightly acid soils such as Clarion, 
Tama, and Fayette with lower Ca content, P decreased with 
increasing pH up to pH 8. Further increase in pH increased 
the amount of P extracted. The effect of free calcium carbo­
nate on P depended on whether EDTA or NTA was used. With EDTA 
an increase in the pH of the extractant resulted in an initial 
increase in P extracted up to about pH 6. Further increase in 
pH decreased extractable P. If NTA was used as the extractant 
on calcareous soils little or no P was extracted (Figure 7.6). 
Because of the different effects of free lime on P extracted 
by the chelates and since most of the soils were about neutral 
to moderately acid in reaction, the high Ca soils were sepa­
rated from the other soils. Further examination of the data 
was done separately on these two groups. The demarcation point 
Figure 7.5. Effect of pH on PO^^P extracted from acid and calcareous soils by 
100 mM EDTA 
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was 20 me Ca per 100 g of soil. The value of 20 me Ca was 
chosen after plotting the values of P against those of Ca 
and noting that for samples having less than 20 me Ca per 
100 g of soil, the correlation between P and Ca was very poor. 
Also the inclusion of high Ca soils in the analysis gave a 
poor correlation between P and Fe. Thus, it seemed necessary 
to examine the lower Ca soils as a group. Of the 120 observa­
tions in the EDTA analysis, 92 of them had Ca values less than 
20 me Ca per 100 g of soil; for NTA there were 94 such 
samples. 
Relative importance of cations in low Ca soils 
The simple correlation coefficients between P and the 
+2 +2 +3 +3 
cations Ca , Mg , Fe , and A1 in EDTA and NTA soils re­
sulted in high correlation coefficients between P and Fe and 
very low values between P and Ca. The correlation coeffi­
cients between P and Fe in EDTA extracts are 0.807, 0.825, 
-0.819 and 0.632 at pH of 4, 6, 8 and 10, respectively. The 
corresponding coefficients for Ca were -0.006, 0.150, 0.138, 
-0.060, none of which is significant at the 5% level. 
+2 
In order to discover which of the metal ions Ca , 
Mg^^, Fe^^, and Al*^ contributed most in explaining the varia­
tion in P, multiple linear regression models were fitted to 
the variables at each pH value. The backward elimination 
technique and the stepwise procedure were used. Both yielded 
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Table 7.6. Correlation coefficients between P and metal 
ions from soil extracts of EDTA or NTA con­
taining less than 20 me Ca per 100 g of soil 
PH D.F. Ca Mg Fe A1 
EDTA 
4.0 21 -0.006 0.160 0.807** 0.041 
6.0 21 0.150 0.066 0.826** 0.003 
8.0 21 0.138 -0.122 -0.819** 0.032 
10.0 21 —0.060 -0.021 0.632** 0.002 
NTA 
4.0 21 -0.138 -0.058 0.615** 0.070 
6.0 21 -0.095 -0.043 0.643** 0.118 
8.0 21 -0.132 -0.208 -0.308 -0.117 
10.0 21 -0.137 -0.093 0.511** -0.024 
jp 
Significant at 1% level. 
2 the same R . Table 7.7 shows the regression coefficients (B 
values) and the standard B values. If many variables are 
significant in any model at a given pH, either the B value 
or the standardized B values may be used to compare the 
relative importance of the cations. This is true because 
all the cations have been converted to the same unit (me per 
100 g of soil). If the units in a regression model are 
different then only the standard B values may be used for com­
parative purposes. 
At each pH of EDTA or NTA, iron was the dominant cation 
in these low calcium soils. Occasionally Ca and A1 also become 
important. For instance, at pH 10, A1 is half as important 
as Fe in EDTA extracts. In NTA extracts only iron was 
2 
statistically significant in these soils. The R for EDTA 
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Table 7.7. Regression coefficients and standard partial re­
gression coefficients of significance variables in 
EDTA and NTA soil extracts containing less than 
20 me Ca per 100 g of soil 
pH Source B values Standard B 
values 
EDTA 
4.0 Mean —0.154 — -
Fe 0.174 0.807 39.32** 
6.0 Mean -0.150 
Fe 0.110 0.855 56.24** 
Ca 0.005 0.253 4.91* 
8.0 Mean -0.054 -
Fe 0.083 0.819 42.80** 
10.0 Mean -0.058 
Fe 0.249 0.829 21.89** 
A1 -0.030 -0.403 5.18* 
NTA 
4.0 Mean —0.048 — — 
Fe 0.071 0.615 12.78** 
6.0 Mean -0.059 - -
Fe 0.083 0.642 14.77** 
8.0 Mean — - -
Fe 0.033 0.308 2.41 
10.0 Mean 0.001 
Fe 0.171 0.511 7.40* 
Significant at 5% level. 
** 
Significant at 1% level. 
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extracts varied from 52% at pH 10 to 74% at pH 6. Most of the 
2 
R could be accounted for by iron (Table 7.8). In NTA soil 
2 
extracts the R varied from 9.5% at pH 8 to 41% at pH 6 
(Table 7.8). The inclusion of quadratic terms in these 
2 2 
models did not increase the R appreciably. Hence the R 
in the tables are all due to the linear effects of the 
variables. 
Further examination of the data was done by including pH 
in the regression models. With the inclusion of pH in the 
model, quadratic terms became significant. Various models 
were tried. Tables 7.9 and 7.10 show the variables that 
2 yielded the highest R when pH was included in the regression 
model for soil extracts containing less than 20 me Ca per 100 
2 g of soil. The R obtained was about the average of the 
2 
values of R computed at each individual pH. Since the pH 
of NTA extracts differed in most cases from the pH of the 
extractant it was thought it would be more appropriate to use 
the equilibrium pH of the extract in computations. Com-
2 parison of R of models using the pH of NTA extractant and 
2 the the pH of the extract showed an increase in R of 3% 
due to the use of equilibrium pH. The results reported for 
NTA are based on the inclusion of the equilibrium pH in the 
model. 
132 
2 Table 7.8. Analysis of variance and R for P in EDTA and NTA 
soil extracts containing less than 20 me Ca per 
100 g of soil 
pH Source D.F. M.S. F R2 
EDTA 
4.0 Regression 1 0.3142 39.33** 0.652 
Fe 1 0.3142 39.33** 0.652 
Error 21 0.0080 — — 
6.0 Regression 2 0.0447 29.00** 0.744 
Fe 1 0.0818 53.09** 0.681 
Ca 1 0.0076 4.91* 0.063 
Error 20 0.0015 — — 
8.0 Regression 1 0.0302 42.80** 0-671 
Fe 1 0.0302 42.80** 0.671 
Error 21 0.0007 — — 
10.0 Regression 2 0.2909 10.94** 0.523 
Fe 1 0.2221 16.71** 0.399 
A1 1 0.0688 5.18* 0.124 
Error 20 0.0133 — — 
NTA 
4.0 Regression 1 0.0672 12.78** 0.378 
Fe 1 0.0672 12.78** 0.378 
Error 21 0.0053 — — 
6.0 Regression 1 0.0646 14.77** 0.413 
Fe 1 0.0646 14.77** 0.413 
Error 21 0.0919 — — 
8.0 Regression 1 0.0063 2.41 0.095 
Fe 1 0.0063 2.41 0.095 
Error 21 0.0026 — — 
10.0 Regression 1 0•07 07 7.40* 0.261 
Fe 1 0.0707 7.40* 0.261 
Error 21 0.0095 - -
* 
Significant at 5% level. 
* * 
Significant at 1% level. 
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Table 7.9. Regression coefficients, standard partial re­
gression coefficients, and r2 for P extracted 
from soils having less than 20 me Ca per 100 g 
of soil 
Source B value Standard B 
value 
EDTA 
Fe -0.181 -0.853 2.68* 
pH -0.108 -1.941 10.06* 
Ca 0.021 0.590 1.61 
Fe X Fe 0.074 1.218 10.23** 
pH X pH 0.007 1.767 10.22** 
Ca X Ca -0.001 -0.562 1.45 
pH X Fe 0.013 0.473 3.02* 
Intercept 0.307 
R^ = 0.635 
Fe -0.166 -1.423 1.48 
pH -0.110 -2.553 3.05* 
Ca 0.009 0.282 0.18 
Fe X Fe 0.022 0.663 1.52 
pH X pH 0.007 2.543 3.99* 
Ca X Ca 0.001 -0.495 0.54 
pH X Fe 0.030 1.197 4.13* 
R^ = 0.362 
Intercept 0.37 S 
Significant at 5% level. 
**Significant at 1% level. 
Relative importance of cations in high Ca soils 
The important variables in the regression models for high 
Ca soils are given in Table 7.10. For these soils Ca and Mg 
were important. In EDTA extracts, Mg was surprisingly more 
important than Ca; but the reverse was true for NTA. 
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Table 7.10. Regression coefficients, standard partial re­
gression coefficients, and r2 for inorganic 
phosphate in EDTA or NTA extracts of soils con­
taining more than 20 me Ca per 100 g of soil 
Source B values Standard B 
values F 
EDTA 
Intercept 2.513 0.0 -
PH -0.647 -3.763 23.86** 
Mg -0.066 -0.928 1.39 
Ca -0.004 -0.244 0.09 
pH X pH 0.034 2.824 16.18** 
Ca X Ca 0.001 0.303 0.22 
Mg X Mg -.001 -0.149 0.11 
pK X Ca 0.001 -0.602 2.36 
pH X Mg 0.022 1.510 16.98 
R^ = 0.893 
NTA 
Intercept 2.227 0.0 — 
pH -0.611 -6.328 11.09** 
Mg -0.044 -0.982 1.19 
Ca 0.018 1.505 1.14 
pH X pH 0.048 7.461 11.00** 
Ca X Ca -.001 -0.205 0.02 
Mg X Mg 0.004 1.527 3.44* 
pH X Ca -0.002 -2.446 1.22 
pH X Mg -0.003 -0.543 0.64 
R^ = 0.691 
* 
Significant at 5% level. 
Significant at 1% level. 
Inclusion of linear and quadratic terms of pH in the 
regression models for both low and high Ca soils showed that 
effect of pH on the solubility of P was very pronounced. 
Examination of Table 7.10 shows that the standard B values 
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for pH and (pH x pH) were always much higher than the 
values for other variables. 
Correlation between available P and inorganic P extracted by 
EDTA or NTA 
The simple correlation coefficients between available P 
as measured by the methods of Olsen et al. (1954) and 
Bray-Kurtz (1945) and the inorganic P extracted by 100 mM 
EDTA or NTA at different pH values are shown in Tables 7.11 
and 7.12. The numbers in parentheses are the probabilities 
of obtaining a higher coefficient under the null hypothesis 
that there is no true association between the two methods of 
extraction of P. Examination of Table 7.11 shows that the 
correlation coefficients for the relation between Olsen-P 
and the inorganic P extracted by EDTA at pH values of 4 and 
10 were significant at 10 and 1% significance level, respec­
tively. The Bray-P and the inorganic P extracted by EDTA 
at pH 10 were significantly correlated (< 1%). The inorganic 
P extracted by EDTA at different pH values were highly 
correlated among themselves. The correlation coefficient 
(0.996) between the ? values extracted with EDTA solution 
adjusted to pH 6 and 8 was the highest among these EDTA 
treatments. 
Both Olsen-P and Bray-P were very highly correlated 
with inorganic P extracted by NTA at each pH value of 4, 6, 
8 or 10. The correlation coefficients between Olsen-P and P 
136 
Table 7.11. Simple correlation coefficients among Olsen-P, 
Bray-P, and phosphate-P extracted by EDTA at pH 
4, 6, 8, or 10 
Olsen-P Bray-P EDTA-P pH 4 
EDTA-P 
pH 6 
EDTA-P 
pH 8 
EDTA-P 
pH 10 
Olsen-P 1.000 0.919 0.319 0.071 0.015 0.487 ^ 
(0) (0.083) (0.709) (0.936) (0.006)* 
Bray-P 1.000 0.293 0.057 0.009 0.528 
(0) (0.113) (0.761) (0.963) (0.003) 
EDTA-P 1.000 0.959 0.937 0.903 
pH 4 (0) (0) (0) (0) 
EDTA-P 1.000 0.996 0.839 
pH 6 (0) (0) (0) 
EDTA-P 1.000 0.818 
pH 8 (0) (0) 
EDTA-P 1.000 
pH 10 (0) 
^Number in parenthesis indicates the probability of a 
higher coefficient. 
extracted by NTA at different pH values were slightly higher 
than the coefficients between Bray-P and P extracted by NTA 
at corresponding pH values. The P extracted by NTA solution 
at pH 6 was the most highly correlated with both Olsen-P and 
Bray-P. As with EDTA extracts, the inorganic P extracted by 
NTA at different pH values were highly correlated among them­
selves. The correlation between PO^-P in NTA extracts of 
soils and Olsen-P and Bray-P was much better than the 
correlation between PO^-P in EDTA extracts of soils and Olsen-P 
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Table 7.12. Simple correlation coefficients among Olsen-P, 
Bray-P and phosphate-P extracted by NTA at pH 
4, 6, 8, or 10 
Olsen-P Bray-P paV pflo 
Olsen-P 1.000 
(0) 
0.919 
(0) 
0.791 
(0) 
0.929 
(0) 
0.875 
(0) 
0.904 
(0) 
Bray-P 1.000 
(0) 
0.771 
(0) 
0.917 
(0) 
0.861 
(0) 
0.881 
(0) 
NTA-P 
pH 4 
1.000 
(0) 
0.892 
(0) 
0.934 
(0) 
0.848 
(0) 
NTA-P 
pH 6 
1.000 
(0) 
0.964 
(0) 
0.964 
(0) 
NTA-P 
pH 8 
1.000 
(0) 
0.915 
(0) 
NTA-P 
pH 10 
1.000 
(0) 
dumber in parenthesis indicates the probability of a 
higher coefficient. 
and Bray-P. However, care should be taken in making a com­
parison between the correlation coefficients obtained from 
the relationships between the chelates and Olsen-P or Bray-P. 
A few low or high values of PO^-P {as in EDTA extracts. 
Figures 7.7 and 7.8) can have a great influence on the values 
of the correlation coefficients. 
Inorganic P extracted by EDTA solution adjusted to pH 
10 was the EDTA treatment iflost highly correlated with Olsen-
P and Bray-P (correlation coefficients were 0.487 and 0.528, 
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respectively. The scatter diagrams for the relationship be­
tween Olsen-P, Bray-P, and P extracted by EDTA at pH 10 are 
shown in Figures 7.7 and 7.8. The highest correlation 
coefficient, r, obtained between NTA treatments, Olsen-P, and 
Bray-P were obtained with NTA solution of pH 6 (r = 0.875 
and 0.861, respectively). Figures 7.9 and 7.10 show the 
scatter points for this NTA treatment plotted against Olsen-P 
and Bray-P, respectively. 
Discussion 
The main objective of this part of the research was to 
relate the phosphate-P extracted by 100 mM EDTA or NTA solu-
+2 +2 +3 +3 tions to the associated cations Ca , Mg , Fe , and A1 
These metal ions are the main sources of inorganic P in soils. 
The solubilities of the metal ions and phosphate-P vary with 
the hydrogen ion activity of the medium. Several species 
of phosphate ions may be present at any given pH value. Be­
fore a discussion of the results of this study is presented 
it may be appropriate to examine the conditions that favor 
the formation of one type of inorganic P or the other. 
Equations 1, 2, and 3(a) have been suggested by Teakle 
(1928) as possible reactions of phosphate ions in soils. He 
emphasized that the pH values are only indicative of the 
position on the pH scale at which the reaction may occur. 
In addition, Equation 3(b) has been suggested by Black 
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(1968) as a possible reaction in alkaline soils. 
1) Very acid conditions 
FePOj + 30H' 3 ' Pe(0H)3 + PO^"^ 
2) Slightly acid conditions 
a) Mn(P0^)2 + 60H" ^ ||-|— 3Mn(OH)2 + ZPO^"^ 
The manganous hydroxide is likely to oxidize and in the 
presence of air to form brown manganic oxide. 
b) AIPO4 + 60H~ ^— AlOg'S + PO^"^ + 3H2O 
3) Neutral and alkaline conditions 
a) Ca^ t P O ^ i z  + 60h" •«- 3Ca{OH)2 + 2P0^'^ 
b) Caj^Q(0H)2(P0^)g + ZOaf t lOCa+2 + 2H0H + GH^PO^ 
Between any two pH conditions given above one, two, or 
three forms of P may be important. For instance, between 
pH 4 and 7, Fe-P, Al-P and occasionally Mn-P may be im­
portant. 
The Iowa soils used in this study were examined col­
lectively or in groups rather than individually. The division 
of the soils into two groups was based on the amount of Ca 
present. The results obtained in this study were a function 
of : 
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a) the variation of the solubility of different P forms 
wi 1-h pH. 
b) the chemical and chelating properties of EDTA and NTA. 
The results showed that for the low calcium soils used 
in this work iron was the chief source of inorganic phosphate 
determined between pH values of 4 and 10 by the method 
described in Part 5. It should be realized that "low" is 
used in a relative sense to the soils that contain free 
calcium carbonate. In EDTA extracts, Ca was important at pH 
6 and Al contributed half as much as iron at pH 10. The 
high contribution of iron at low pH values was expected but 
its high contribution at pH 10 was surprising. It seems as 
if high pH values used in this study did not affect the che­
lation of iron and the release of P by EDTA or NTA provided 
free lime was absent. The amount of a given metal ion ex­
tracted, and indirectly, the amount of phosphate ion released, 
is a function of the amount of that metal ion in the soil 
solution or in equilibrium with it, and the stability constant 
of the chelate for the metal ion. EDTA has a high stability 
+3 +2 
constant of 25.1 for Fe compared to 10.7 for Ca 
The values of all ions determined in NTA extracts were 
lower than those in EDTA extracts. These differences are due 
to the lower stability constants of NTA for the metal ion. 
The stability constants of the complexes between NTA, Fe^^, 
+2 
and Ca are 15.9 and 6.41, respectively. 
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In calcareous soils the main sources of P were from 
+2 +2 
Ca and Mg . EDTA was particularly effective in extracting 
the phosphate-P from these calcareous soils. As much as 
110 ppm PO^-P was extracted from Ida soil by EDTA at pH 4. 
The ability of EDTA to extract P from calcareous soils was 
due principally to its acidic properties. The acidity helped 
dissolve the free lime and the slightly soluble calcium phos­
phates. The dissolution of free carbonates was evident 
from the effervescence of carbon dioxide that occurred during 
the shaking procedure. The effervescence increased with 
decreasing pH of EDTA extractant. The decreased P extracted 
by EDTA at pH 8 and 10 might be due to the low acidity 
required to dissolve the free calcium carbonate in calcareous 
soils. Magnesium made a considerable contribution to the P 
extracted from calcareous soils by EDTA. 
The greatest difference in the chelating ability of 
EDTA and NTA was shown in calcareous soils. While NTA ex­
tracted slightly less P from soils containing low Ca than EDTA, 
NTA was very ineffective in extracting P from calcareous soils, 
irrespective of the pH of the extractant. This inability of 
NTA to extract P from calcareous soils was the result of its 
alkaline property. If NTA was ineffective in extracting P from 
calcareous soils at high pH values, and if the alkalinity was 
partially neutralized to pH 4 or 6, it should be expected to 
extract an appreciable amount of P. But the results obtained 
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were to the contrary. Even NTA solutions adjusted to pH 4 or 6 
extracted practically no P from calcareous soils. The reason 
was that even though NTA solutions were adjusted to low pH 
values, they were unable to maintain this pH when added to 
calcareous soil samples (Table 6.6). The lack of buffering 
capacity of this solution caused the equilibrium pH to rise 
to the alkaline range. Therefore the Ca-P could not be dis­
solved. Actually slightly more P was extracted at pH 10 than 
at lower pH values of NTA solutions. This is because NTA is 
more effective at complexing Ca and Mg at pH 10 and higher, 
than at lower pH values. 
The importance of pH of the system in controlling the 
solubility of the metal ions and consequently of inorganic 
phosphates is evident from the high standard B values for 
linear and quadratic terms in pH,- and some interaction 
terms (Tables 7.9 and 7.10). The effect of pH is twofold. 
First, it controls the solubility of the metal ions and the 
release or precipitation of inorganic phosphates. Secondly, 
it controls the protonation and dissociation of the chelates. 
This in turn affects the complexing efficiency of the che­
lates . 
In previous studies extractions have been made by an 
acid or alkali adjusted to different pH values (Dean, 1938; 
Stelly and Pierre, 1942; Burd, 1948), or by different solutions 
with different reactivity for inorganic phosphate (Chang and 
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Jackson, 1957). Burd (1948) indicated that the use of dilute 
hydrochloric acid leads to secondary reactions. The use of 
one type of a chelating solution adjusted to different pH 
values affords a faster and more convenient way of extracting 
different forms of inorganic P from soils. Alexander and 
Robertson (1972) showed that 5 mM EDTA-extractable P was 
highly correlated with Al-P and Fe-P. 
In this study no attempt was made to identify particular 
phosphate minerals. Rather, the relative contributions of 
the cations in contributing to the total pool of inorganic P 
extracted was examined by multiple regression analysis. It 
is realized that the chelates may extract a large amount 
of a cation without necessarily extracting any P. This is 
the case when NTA is used for calcareous soils. In this 
instance a considerable amount of Ca was extracted but very 
2 little P. Hence, the result showed very low R values. In 
calcareous soils the free calcium carbonate, which is more 
soluble thcin the calcium phosphates, had to be dissolved and 
chelated first before the calcium phosphav.es, (the negative 
logarithm of the solubility^product constants, pK, of calcite 
CaCOg and hydroxyapatite Ca^^Q (PO^) g (OH) 2 at 25®C are 8.7 and 
14,7, respectively). At the concentration of NTA used 
in this study this extractant was unable to complex the Ca 
in free calcium carbonate and in calcium phosphates. 
In general NTA was less suitable than EDTA for P 
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characterization. NTA solutions extracted less P from neutral 
and acid soils than EDTA. In calcareous soils it was very in­
effective. NTA extracts were very difficult to filter because 
of the high humic acid extracted. However, any organic P in 
the humic acid was not determined by the method used in this 
study. 
The lack of significance of Al*^ especially at low pH 
values is at first rather surprising. Al*^ would be expected 
to contribute to P in solution. The reason for this may be 
that these soils contain very little exchangeable Al. An at­
tempt was made to extract exchangeable Al from these soils 
with IN KCl. The Al in the extract was undetectable by 
titration or by atomic absorption spectroscopy. 
The results obtained here for Ca differ slightly from 
those of Alexander and Robertson (1972) who obtained a negative 
correlation of 0.29 between Ca-P and EDTA-extractable p. The 
figure of -0.29 was for a relationship which included some 
calcareous soils. In this study negative correlations between 
P and Ca were obtained for low Ca soils only. Inclusion of 
high Ca soils gave very high positive correlation between P 
and Ca (Table 7.3). The explanation might be that the 
extractant used by Alexander and Robertson (1972) was in­
capable of extracting P from calcareous soils. It was shown 
in Part 6 that 5 mM EDTA or NTA extracted very little P from 
calcareous soil samples (Figure 6.2, Appendices A and B) 
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The low correlation between available P as measured by 
the methods of 01sen et al. (1954) and Bray-Kurtz (1945) and 
PO^-P extracted by 100 mM EDTA solutions (Table 7.11) is mostly 
due to the high effectiveness of EDTA solutions in extracting 
Ca-P from calcareous soils. Very low amounts of P were 
extracted from calcareous soils used in this study by the 
methods of Olsen et al. (1954) and Bray-Kurtz (1945). How­
ever, because of its acidic properties, EDTA was able to dis­
solve the sparingly-soluble calcium phosphates, and its high 
chelating ability for metal ions prevented further reaction 
of the metal ions with phosphate ions, therefore phosphate ions 
remained in solution. In Figures 7.7 and 7.8, the points 
farthest from the correlation lines are all associated with 
calcareous samples. On the other hand, NTA extracted little 
or no phosphate-P from the calcareous soils, hence much 
higher correlation coefficients were obtained among Olsen-P, 
Bray-P, and P extracted by 100 mM NTA solutions (Table 7.12). 
Lastly, the method for the calculation of the concentration 
of iron and aluminum should be mentioned. The amounts of these 
elements extracted were calculated in milliequivalents as 
+3 +3 
Fe or A1 . A great proportion of these ions are present in 
+3 +3 
soil solutions as Fe or A1 . But they may also be present 
in different ionic forms. Rauspach (1963) pointed out that 
the aluminum ion may be associated with phosphate ions in soils 
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in the form of AlOH^^, AlfOH)^, or Alg The species of 
iron in solution vary with pH. In the acid pH range Fe^^, 
FefOH)^, FeOH*^, and FegfOH)^* are important. As the pH of 
the solution increases the activities of these ions decrease 
while the activity of Fe(OH)^ increases. Above pH 8, Fe(OH)^ 
is the major species. Above pH 9, Fe"*"^ activity is minimal 
(Lindsay, 1972). Also present in the pH range of 4 - 9 is 
colloidal FeOOH)^. These species would contribute to the 
solubility of any associated phosphate ion in the soil. The 
+3 +3 
calculations based on Fe or Al are only an approximation. 
Since no one species predominates at any given pH, Fe*^ or 
Al^^ was assumed in calculations. Also, Bower and Truog (1940) 
found evidence that in aqueous systems, polyvalent cations such 
as Mg, Ca, and Fe may not be attached to soil clays entirely 
in the polyvalent form. They suggested that magnesium, for 
instance, may be attached to the exchange sites in clays in 
the form of Mg^"*" and MgOH"*". However, Ca*^ and Mg*^ were as­
sumed for the calculations in this work. 
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PART 8. SUMMARY AND CONCLUSIONS 
The objectives of the work described in this dissertation 
were: (a) to develop a satisfactory colorimetric method for 
the determination of inorganic phosphates in aqueous solutions 
and soil extracts containing EDTA and NTA; (b) to study the 
factors that affect the release of soil phosphates by EDTA 
and NTA solution; (c) to investigate any possible relation­
ships between EDTA- and NTA-extractable phosphates and calcium, 
magnesium, iron, and aluminum ions in the surface and sub­
soils of major soil series of Iowa. 
The findings can be summarized as follows: 
1) A method was developed for determining phosphate-P in 
aqueous solutions and soil extracts containing EDTA and NTA. 
The aqueous solutions or soil extracts varied in concentration 
from 5 to 300 mM EDTA or NTA. In the method developed a 
20-ml aliquot of the aqueous solution of EDTA or NTA is 
pipetted into a 50-ml beaker containing a magnetic stirring 
bar. The beaker is placed on a magnetic stirrer. A combina­
tion glass electrode connected to a digital-readout pK meter 
is inserted into the beaker and the solution is titrated with 
5N HCl to pH 1.5. The volume of acid added is recorded. The 
beaker and contents are allowed to stand at room temperature 
for 1 hour and the EDTA or NTA precipitates are then fil­
tered off. An aliquot containing not more than 10 yg of PO^-P 
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is pipetted into a 25 ml volumetric flask. Color is developed 
by the ascorbic acid method and read on Klett-Summerson photo­
electric colorimeter using a red filter and 2-cm cell. The 
maximum absorbance is at 720 m^. 
For soils, the PO^-P is extracted at a soil :solution ratio 
of 1:10 for 4 hours. About 40 ml of the suspension are centri-
fuged at 12,000 rpm and filtered through a 0.2u Metricel 
membrane filter. Titration and color development are carried 
out as in aqueous solution. 
The method is accurate and precise and allows for the 
determination of few micrograms of P in aqueous solutions or 
soil extracts. It also eliminates the interference by che­
lates in color development, a problem encountered by earlier 
investigators. 
2) The effect of pH and concentration of EDTA or NTA on the 
release of inorganic soil P was studied using eight soils that 
varied greatly in their chemical and physical properties. 
The experiment for each chelate consisted of 24 treatments -
six concentration levels of 5, 10, 50, 100, 200, and 300 mM, 
and four pH values 4, 6, 8, and 10 at each concentration level. 
P, Ca, Mg, Fe, and A1 were determined for each treatment on 
all eight soils. 
For slightly acid and alkaline soils, an increase in the 
concentration of EDTA or NTA resulted in an increase in the 
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amounts of P and metal ions extracted with a leveling off at 
100 mM. Phosphate-P extracted was at a minimum at pH 8. With 
increase in pH, A1 and Fe extracted by EDTA decreased up to 
pH 8 and increased slightly at higher pH value. In calcareous 
soils EDTA-extractable Fe and A1 decreased with increasing pH. 
With increase in pH there was a sharp decrease in NTA-
extractable Fe and A1 in all the soils. 
Measurement of the equilibrium pH of extracts showed 
that NTA was less buffered than EDTA. For each chelate the 
buffering was more effective at higher than at lower concen­
trations. The minimum concentration for effective buffering 
at soil;ratio of 1:10 was 100 mM EDTA or NTA. 
Comparison of hydrochloric and sulfuric acids in the 
titration of extracts high in Ca showed that there was no 
difference in the amounts of phosphate-P determined but Ca 
was much lower in extracts titrated with sulfuric acid. 
In the procedure developed no hydrolysis of added or 
native organic P was observed. 
3) Surface and subsoils of major Iowa soil series were 
extracted by 100 mM EDTA or NTA adjusted to pH 4, 6, 8, and 10. 
NTA extracted less P, Ca, Fe, and A1 than EDTA. NTA was 
very ineffective in extracting phosphate-P from calcareous 
soils and pH had little effect on P extracted. Inorganic P 
extracted by NTA from calcareous soils averaged less than 2 yg 
per g of soils. 
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EDTA extracted very high amounts of PO^-P from calcareous 
soils. The average P values from calcareous 0-15 cm and 30-
45 cm layers of Ida soil were 117 and 135 ppm, respectively. 
The average P value from the 75-100 cm layer of Monona soil 
was 107 ppm. 
For EDTA extracts PO^-P showed a minimum solubility at 
pH 8 for acid and slight alkaline soils. With calcareous soils 
PO^-P concentration was at a maximum at pH 6 and decreased 
with further increase in pH of EDTA solutions. 
Multiple regression analysis showed that for soils con­
taining less than 20 me Ca per 100 g of soil, iron explained 
most of the variation in the inorganic P extracted. For these 
soils Ca and A1 were also important at pH 6 and 10, respective­
ly, in EDTA extract. Only iron was important in NTA extracts 
at all pH values. For high Ca soils (greater than 20 me Ca/ 
100 g of soil), Ca and Mg were the important elements. 
Inclusion of pH in regression equations showed that its 
effect on the solubility of P was relatively more important 
than the effects of the cations. Apparently controlled 
the solubility of the cations which then led to the release 
or precipitation of phosphate ions. Also the protonation of 
chelate at different pH would have affected the efficiency of 
chelates. 
The amounts of P extracted from 30-45 cm layers were 
very small. P, Ca, Mg, and Fe were lowest in this layer. 
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Samples of four of the soils investigated represented 
complete profiles. These were for Fayette, Marshall, Tama, 
and Monona soils. In these soils P, Al, and Fe were high 
in the 0-15 cm and 75-100 cm layers. The amounts of Fe and Al 
in the 75-100 cm layer were in descending order: Fayette > 
Tama > Marshall > Monona. However, P was in descending order; 
Monona > Fayette > Tama > Marshall. The high P value in 
Monona soil was due to calcium phosphates while the large 
amounts of PO^-P in Fayette soil might be due to the high 
Fe and Al content. 
SDTA was better than NTA for soil P characterization. 
It is effective in extracting P from all types of soils. 
It extracts less humic acid than NTA. The EDTA solutions may 
be stored for many weeks in polyethylene bottles without 
deterioration whereas NTA breaks down. 
Inorganic P extracted by NTA at pH 4, 6, 8, or 10 were 
very highly correlated with available P as measured by the 
methods of 01sen et al. (1954) and Bray-Kurtz (1945). Low 
correlation coefficients were obtained between EDTA-extractable 
P and available P. 
The results of this work point out the potential impact 
of the use of EDTA and NTA might have on the environment. If 
these chelates get into lakes and rivers through industrial 
wastes, their ability to complex metal ions could lead to the 
release of phosphates into the water. Also, since the 
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complexed metal ions remain in solution, they could be trans­
ported for long distances in the lakes and rivers. The 
direct application of these chelate-metal complexes to soil 
for the correction of micronutrient deficiencies could help 
to keep the applied metals in soil solution and make them 
more available to plants provided that the metal-chelate 
complexes do not move down beyond the root zone of crops. 
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Table A.l. Amounts of P and metal ions extracted from Clarion 
soil (soil No. 4) by EDTA solutions of indicated 
pH and concentrations 
Phosphate or metal ions extracted EDTA 
conc. 
pH of (me/100 g of soil)^ 
mM EDTA po^-3 Ca^^ Fe*^ Al^^ 
5 4 0.077 4.08 0.49 1.05 2.79 
6 0.068 4.59 0.39 1.04 2.89 
8 0.068 6.19 0.31 0.98 2.98 
10 0.068 7.98 0.34 0.88 2.16 
10 4 0.087 4.46 0.58 0.97 3.34 
6 0.087 6.45 0.38 0.97 2.96 
8 0.087 9.87 0.72 0.94 2.96 
10 0.068 11.64 2.07 0.72 1.91 
50 4 0.116 8.45 1.64 1.18 4.55 
6 0.087 11.64 2.67 1.05 2.81 
8 0.048 11.96 2.87 0.88 2.55 
10 0.136 12.21 2.92 1.11 4.73 
100 4 0.155 10.39 2.28 1.29 4.98 
6 0.077 12.08 2.88 0.95 2.51 
8 0.039 12.22 2.93 0.92 2.82 
10 0.116 12.48 2.96 1.17 4.51 
200 4 0.145 11.31 1.05 1.32 4.35 
6 0.058 12.23 2.91 1.14 2.77 
8 0.048 12.44 3.12 1.05 3.30 
10 0.116 12.59 2.98 1.35 4.76 
300 4 — — — — — 
6 0.048 11.96 2.90 1.08 2.86 
8 0.048 12.31 2.97 1.12 3.72 
10 0.107 12.16 2.97 1.45 4.41 
^To convert me Ca/100 g to ppm Ca, multiply me by 200.4 
To convert me Mg/100 g to ppm Mg, çultiply me by 121.6 
To convert me Fe+3/100 g to ppm Fe multiply me by 
186.1 ,o ^2 
To convert A1 /10Û g to ppm Al , multiply me by 89.9 
To convert me P0.~ /lOO g to ppm PO.-P, multiply me by 
103.2. 
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Table A.2. Amounts of P and metal ions extracted from Edina 
soil (soil No. 8) by EDTA solutions of indicated 
pH and concentrations 
Phosphate or metal ions extracted EDTA 
conc. 
pH of (me/100 q of soil)^ 
mM P0j"3 Ca*2 Fe*^ Al*^ 
5 4 0.107 5.53 0.41 1.86 1.79 
6 0.097 6.43 0.27 1.72 1.30 
8 0.077 7.67 0.22 1.33 0.92 
10 0.048 8.79 0.19 9.70 0.33 
10 4 0.136 7.36 0.63 2.19 2.49 
6 0.126 9.58 0.44 1.91 1.95 
8 0.116 13.27 0.43 1.64 1.29 
10 0.077 16.69 1.06 1.25 0.91 
50 4 0.194 13.21 1.89 2.48 3.88 
6 0.155 18.19 3.07 2.08 1.87 
8 0.107 18.33 3.69 1.91 1.77 
10 0.252 18.37 3.24 2.17 3.31 
100 4 0.223 15.47 2.68 2.80 4.36 
6 0.136 17.47 3.42 2.21 1.88 
8 0.087 18.58 3.70 1.94 1.65 
10 0.233 18.59 3.67 2.16 2.53 
200 4 0.223 17.29 3.19 2.58 3.26 
6 0.116 18.36 3.67 2.38 1.68 
8 0.068 17.97 3.68 1.82 1.42 
10 0.174 18.42 3.57 2.04 2.22 
300 4 — — — — 
6 0.087 18.67 3.73 2.14 1.26 
8 0.077 19.00 3.84 1.91 1.45 
10 0.174 18.83 3.79 2.20 1.93 
^For the conversion of units to ppm, see Table A.l. 
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Table A.3. Amounts of P and metal ions extracted from Fayette 
soil (soil No. 2) by EDTA solutions of indicated 
pH and concentrations 
ZTZT Phosphate or metal icn extracted 
pH of (me/100 CT of soil>a 
conc 
mM 
10 
50 
100 
9nn 
EDTA 
PO4-' Ca+2 
CM >
 FE+3 AL+3 
4 0.126 3.23 0.18 1.48 1.11 
6 0.126 4.34 0.11 1.35 1.11 
8 0.097 5.52 0.18 1.18 1.11 
10 0.107 7.93 0.34 0.73 0.87 
4 0.184 4.85 0.23 1.75 1.55 
6 0.174 7.06 0.21 1.72 1.38 
8 0.145 8.93 0.81 1.39 1.28 
10 0.116 8.92 1.15 0.77 1.20 
4 0.232 7.88 0.77 2.11 2.33 
6 0.174 9.31 1.18 1.80 1.25 
8 0.116 9.22 1.22 1.41 1.05 
10 0.232 9.25 1.21 0.95 1.71 
4 0.242 8.48 0.99 2.08 2.17 
6 0.145 9.85 1.22 1.79 1.28 
8 0.097 9.62 1.19 1.31 0.87 
10 0.213 9.82 1.21 0.97 1.51 
4 0.242 9.59 1.17 2.16 1.32 
6 0.145 9.66 1.18 1.87 1.07 
S 0.107 9.64 1.19 1.58 1.05 
10 0.242 9.31 1.20 1.18 1.53 
4 
6 0.136 9.56 1.21 2.03 1.17 
8 0.107 9.51 1.21 1.54 1.20 
10 0.242 9.84 1.23 1.28 1.53 
^For the conversion of units to ppm, see Table A.l. 
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Table A.4. Amounts of P and metal ions extracted from Galva 
soil (soil No. 12) by EDTA solutions of indicated 
pH and concentrations 
Phosphate or metal ions extracted 
____ pH of (me/100 g of soil)a 
P0,-3 ca-^2 p^+3 ^,+3 
5 4 0-213 10.48 1.02 0.55 0.72 
6 0.165 10.15 0.77 0.40 0.29 
8 0.126 10.70 0.61 0.26 0.18 
10 0.116 10.26 0.40 0.14 0.18 
10 4 0.436 16.86 1.35 1.06 1.90 
6 0.368 17.36 0.88 0.80 1.21 
8 0.310 18.63 0.67 0.59 0.87 
10 0.213 19.84 0.66 0.30 0.56 
50 4 0.688 27.90 2.97 1.75 4.75 
6 0.610 35.46 3.98 1.53 2.85 
8 0.455 35.63 5.80 1.10 2.06 
10 0.746 36.10 5.71 0.88 2.60 
100 4 0.746 29.43 3.85 1.83 5.30 
6 0.532 33.23 5.62 1.35 2.58 
8 0.436 34.05 5.99 1.08 1.91 
10 0.688 39.61 5.90 0.87 1.93 
200 4 0.S04 35.73 1.02 1.90 5.33 
6 0.455 35.47 6.08 1.28 2.28 
8 0.368 39.47 5.85 0.92 1.59 
10 0.591 40.45 5.73 0.84 1.57 
300 4 — — — - — 
6 0.407 38.75 6.08 1.25 1.59 
8 0.378 41.89 6.12 0.85 1.38 
10 0.542 38.65 5.87 0.85 1.26 
^For the conversion of units to ppm, see Table A.l. 
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Table A.5. Amounts of P and metal ions extracted from 
Marshall soil (soil No. 6) by EDTA solutions of 
indicated pH and concentrations 
ZTTT Phosphate or metal ions extracted 
pH of (me/100 q of soil)^ 
mM PO^"^ ca+2 Fe*^ Al"*"^ 
5 4 0.048 4.09 0.54 1.13 3.54 
6 0.037 6.33 0.41 1.06 3.24 
8 0.029 8.68 0.43 1.11 2.82 
10 0.029 .7.55 0.47 1.08 2.41 
10 4 0.048 5.08 0.80 1.30 4.40 
6 0.048 7.19 0.57 1.22 3.70 
8 0.037 10.72 0.71 1.31 3.47 
10 0.037 13.37 1.98 0.98 2.87 
50 4 0.077 10.10 2.59 1.48 6.38 
6 0.048 14.57 4.90 1.27 3.82 
8 0.029 14.12 5.71 1.18 3.74 
10 0.116 14.22 5.94 1.50 7.52 
100 4 0.107 11.95 3.65 1.85 7.55 
6 0.048 14.28 5.92 1.52 4.56 
8 0.029 13.87 5.64 1.32 4.56 
10 0.107 14.34 5.90 1.69 7.13 
200 4 0.126 12.62 0.8? 1.79 5.35 
6 0.039 14.14 5.70 1.48 V.ll 
8 0.029 14.29 5.67 1.35 4.93 
10 0.087 16.36 5.32 1.72 7.09 
300 4 — — — — — 
6 0.029 15.43 5.89 1.40 4.10 
8 0.029 15.41 5.81 1.44 5.71 
10 0.077 15.83 5.92 1.76 6.45 
^For the conversion of units to ppic, see Table A.l. 
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Table À.6. Amounts of P and metal ions extracted from Ida soil 
(soil No. 1) by EDTA solutions of indicated pH 
and concentrations 
ZZZ7 Phosphate or metal ions extracted 
pH of (me/100 g of soil)& 
P0,-3 ca« „g+2 ^+3 
5 4 0.010 14.79 0.55 0.08 0.17 
6 0.010 13.78 0.35 0.05 0.12 
8 0.010 12.00 0.03 0.04 0.12 
10 0.010 14.08 0.03 0.02 0.07 
10 4 0.010 29.58 1.27 0.15 0.22 
6 0.010 24.80 0.72 0.11 0.14 
8 0.010 22.53 0.18 0.06 0.14 
10 0.029 21.05 0.04 0.03 0.06 
50 4 0.484 89.14 10.60 1.22 1.93 
6 0.678 88.78 8.51 0.81 1.28 
8 0.969 99.29 8.59 0.41 0.67 
10 0.659 80.76 4.09 0.32 0.20 
100 4 1.095 100.67 12.93 1.56 2.65 
6 1.240 88.58 11.26 1.11 1.26 
8 1.153 85.78 6.54 0.50 0.68 
10 1.056 84.34 4.31 0.35 0.29 
200 4 1.263 111.64 3.32 1.83 2.78 
6 1.182 87.92 8.49 1.37 1.44 
8 1.095 67.34 5.26 0.68 0.71 
10 0.965 84.05 3,92 0.46 0.38 
300 4 — — — — -
S 1.027 81.69 6.24 1.33 1.31 
8 0.930 78.27 4.33 0.52 0.58 
10 0.756 81.30 3.66 0.42 0.11 
^For the conversion of units to ppm, see Table A.l. 
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Table A.7. Amounts of P and metal ions extracted from Canisteo 
soil (soil No. 13) by EDTA solutions of indicated 
pH and concentrations 
ZZZ7 Phosphate or metal ions extracted 
PH of (me/100 g of soil)^ 
P0,-3 ca+^ ^ 
5 4 0.039 15.83 0.81 0.17 0.16 
6 0.039 13.15 0.49 0.08 0.17 
8 0.029 11.94 0.24 0.05 0.19 
10 0.039 11.82 0.12 0.05 0.20 
10 4 0.184 21.42 1.13 0.42 0.66 
6 0.145 22.98 1.20 0.30 0.32 
8 0.107 20.79 0.30 0.17 0.20 
10 0.077 22.28 0.34 0.10 0.23 
50 4 0.423 37.71 3.21 0.90 3.01 
6 0.494 46.83 3.77 0.75 1.66 
8 0.455 46.52 4.78 0.56 1.20 
10 0.426 57.80 3.21 0.40 0.96 
100 4 0.504 40.47 2.30 1.02 3.65 
6 0.523 51.36 4.90 0.70 1.35 
8 0.368 54.92 4.70 0.52 0.87 
10 0.407 46.52 3.78 0.37 0.59 
200 0.649  ^ n tr\ -s J. • 1 V 0.38 X # 1.2 4 • 07 
6 0.407 47.38 4.29 0.79 1.19 
8 0.358 45.51 3.90 0.55 0.52 
10 0.387 46.71 3.63 0.43 0.53 
300 4 — — — — — 
6 0.397 57.81 5.05 0.79 1.12 
8 0.397 46.85 3.81 0.53 0.50 
10 0.358 46.37 3.72 0.43 0.32 
^For the conversion of units to ppm, see Table A.l. 
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Table A.8. Amounts of P and metal ions extracted from Weller 
soil (soil No. 3) by EDTA solutions of indicated 
pH and concentrations 
337 ' Phosphate or metal ions extracted 
pH of (me/100 g of soil)& 
% EDTA po^-3 Pe« 
5 4 0.029 3.35 0.24 1.31 1.28 
6 0.029 2.96 0.18 1.12 0.90 
8 0.029 2.86 0.26 0.89 0.66 
10 0.029 2.87 0.53 0.58 0.79 
10 4 0.039 4.36 0.40 1.69 2.22 
6 0.039 3.90 0.40 1.46 1.41 
8 0.039 3.69 1.50 1.05 0.86 
10 0.029 3.37 1.93 0.62 1.22 
50 4 0.077 8.25 1.25 2.40 3.68 
6 0.048 5.49 1.97 2.07 2.35 
8 0.029 2.86 2.08 1.51 2.05 
10 0.097 9.70 3.03 1.19 2.97 
100 4 0.087 9.07 1.72 2.59 4.15 
6 0.048 5.28 2.04 2.25 2.76 
8 0.029 5.61 2.02 1.54 2.18 
10 0.077 7.75 1.99 1.21 2.90 
200 4 0.087 9.33 1.92 2.45 3.88 
6 0.039 4.20 2.09 2.10 2.46 
8 0.029 2.54 2.03 1.65 2.40 
10 0.077 7.47 1.99 1.35 3.00 
300 4 — — — — 
6 0.029 3.34 2.06 2.03 2.33 
8 0.029 2.46 2.10 1.52 2.39 
10 0,068 6.50 2.10 1,39 2.97 
^or the conversion of units to ppm, see Table A.l. 
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Table B.l. Amounts of P and metal ions extracted from Clarion 
soil (soil No. 4) by NTA solutions of indicated 
pH and concentrations 
Phosphate or metal ions extracted 
pH of (me/100 g of soil)^ 
% P0,-3 Ca+2 Mg« Pe+3 Al+3 
5 4 0.029 2.37 0.69 0.44 2.15 
6 0.029 1.95 0.51 0.41 1.97 
8 0.029 2.07 0.50 0.41 1.55 
10 0.019 3.34 0.33 0.39 1.51 
10 • 4 0.039 3.00 0.75 0.56 2.06 
6 0.039 3.16 0.74 0.57 2.03 
8 0.039 3.16 0.71 0.57 1.93 
10 0.029 6.85 0.90 0.43 1.76 
50 4 0.058 7.05 1.87 0.88 2.82 
6 0.058 7.04 1.79 0.86 2.57 
8 0.039 8.02 1.74 0.76 1.87 
10 0.087 11.74 2.43 0.67 1.87 
100 4 0.077 9.06 2.37 1.05 3.16 
6 0.068 8.80 2.25 0.92 2.40 
8 0.039 10.58 2.29 0.73 1.61 
10 0.087 12.07 2.47 0.65 1.65 
200 4 0.116 10.56 2.69 1.18 3.61 
6 0.087 10.18 2.57 1.00 2.67 
8 0.048 11.70 2.75 0.74 1.81 
10 0.087 11.98 2.50 0.59 1.45 
300 4 0.107 10.97 2.75 1.05 3.48 
6 0.087 6.67 3.01 0.91 2.49 
8 0.048 14.79 3.14 0.71 1.98 
10 0.097 14.59 2.86 0.59 1.45 
^For the conversion of units to ppm, see Table A.l. 
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Table B.2. 
NTA 
conc.-
mM 
Amounts of P and metal ions extracted from Edina 
soil (soil No. 2) by NTA solutions of indicated 
pH and concentrations 
pH of 
Phosphate of metal ions extracted 
(me/100 g of soil)& 
NTA po,-: Ca+2 Mg+2 Fe+3 Al+3 
4 0.019 4.25 0.66 0.73 0.63 
6 0.029 5.26 0.61 0.68 0.56 
8 0.029 4.58 0.56 0.68 0.56 
10 0.029 6.31 0.49 0.52 0.50 
4 0.039 6.41 0.95 1.04 0.69 
6 0.039 6.41 0.88 1.00 0.63 
8 0.039 6.56 0.85 1.00 0.63 
10 0.048 11.08 1.11 0.77 0.83 
4 0.116 11.14 2.15 2.95 1.52 
6 0.107 13.55 2.33 2.66 1.17 
8 0.077 12.68 2.07 2.39 0.77 
10 0.165 18.60 3.13 1.65 0.99 
4 0.145 13.99 2.79 3.52 1.61 
6 0.126 17.02 2.04 3.17 1.23 
8 0.067 18.09 3.11 2.35 0.62 
10 0.203 18.30 3.20 1.53 0.40 
4 0.174 IS. 53 3.84 3.41 1.82 
6 0.136 17.28 3.41 3.07 1.13 
8 0.068 18.45 3.48 2.21 0.43 
10 0.155 21.18 3.65 1.32 0.27 
4 0.184 19.95 3.66 3.55 1.77 
6 0.155 3.68 3.28 3.29 1.47 
8 0.077 18.07 3.55 2.02 0.37 
10 0.145 16.33 3.22 1.21 0.19 
10 
50 
100 
9nn 
300 
^For the conversion of units to ppm, see Table A.l. 
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Table B.3. Amounts of P and metal ions extracted from Fayette 
soil (soil No. 2) by NTA solutions of indicated 
pH and concentrations 
NTA 
conc. 
mM 
pH of 
NTA 
Phosphate or 
(me/100 
metal ions 
g of soil) 
extracted 
a 
o
 1 w
 
Ca+2 to
 
Fe+3 Al+3 
5 4 0.048 2.95 0.30 0.54 0.62 
6 0.048 2.52 0.24 0.55 0.62 
8 0.048 2.68 0.23 0.49 0.58 
10 0.058 4.41 0.27 0.31 0.58 
10 4 0.058 3.85 0.34 0.81 0.78 
6 0.068 4.02 0.33 0.84 0.80 
8 0.058 3.94 0.32 0.73 0.71 
10 0.087 7.58 0.68 0.42 0.51 
50 4 0.107 7.47 0.85 1.58 0.96 
6 0.107 7.81 0.81 1.53 0.72 
8 0.087 8.55 0.94 1.27 0.64 
10 0.184 9.38 0.95 0.62 0.36 
100 4 0.165 8.44 0.99 2.12 1.23 
6 0.136 8.79 0.99 1.85 0.95 
8 0.097 9.40 1.09 1.25 0.69 
10 0.213 9.52 1.02 0.63 0.20 
200 4 0.223 9.31 1.04 2.17 1.61 
6 0.165 9.19 1.10 1.79 1.03 
8 0.107 9.87 1.13 0.91 0.51 
10 0.203 10.05 1.08 0.52 0.07 
300 4 0.242 9.13 1.13 2.09 1.51 
6 0.155 9.74 1.13 1.60 0.87 
8 0.116 9.80 1.13 0.95 0.10 
10 0 = 203 9=42 1.15 0,54 0,02 
^For the conversion of units to ppm, see Table A.l. 
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Table B.4. 
NTA 
CO ne. 
mM 
Amounts of P and metal ions extracted from Galva 
soil (soil No. 12) by NTA solutions of indicated 
pH and concentrations 
pH of 
NTA 
Phosphate or metal ions extracted 
(me/100 g of soil)^ 
PO -3 Ca 
+2 
Mg 
+2 
Fe +3 A1 +3 
4 
6 
8 
10 
0.087 
0.087 
0.097 
0.116 
9.15 
8.63 
8.47 
8.29 
1.05 
1.10 
0.85 
0.63 
0.14 
0.11 
0.12 
0.12 
0.30 
0 . 2 2  
0 . 2 2  
0.23 
10 4 
6 
8 
10 
0.155 
0.145 
0.145 
0.184 
12.73 
13.06 
12.93 
16.23 
1.27 
1.29 
1.19 
1.22 
0.21 
0.21 
0.21 
0.15 
0.67 
0.56 
0.50 
0 . 2 8  
50 4 
6 
8 
10 
0.320 
0.291 
0.271 
0.542 
23.35 
28.34 
27.03 
32.97 
3.18 
3.30 
3.30 
4.87 
0.73 
0 . 6 2  
0.59 
0.33 
1.20 
1.07 
0.89 
0.53 
100 4 
6 
8 
10 
0.387 
0.368 
0.329 
0.591 
28.23 
27.28 
32.84 
34.43 
4.37 
4.21 
4.56 
5.05 
0 .  
0 .  
0 ,  
97 
83 
67 
0.35 
1.42 
1.28 
0.79 
0.31 
200 4 
6 
8 
10 
0.465 
0.426 
0.329 
0.572 
28 .80  
8.48 
7.48 
30.64 
4.96 
4.78 
4.93 
4.97 
1.06 
0.97 
0.59 
0.32 
1.77 
1.76 
0.53 
0.07 
300 4 
6 
8 
10 
0.601 
0.601 
0.358 
0.591 
8 . 2 8  
8 . 2 8  
12.63 
9 0  
5.24 
5.24 
4.86 
5.06 
1.54 
1.54 
0.51 
0.31 
3.45 
3.45 
0.43 
0.07 
^For the conversion of units to ppm, see Table A.l. 
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Table B.5. Amounts of P and metal ions extracted from Marshall 
soil (soil No. 6) by NTA solutions of indicated pH 
and concentrations 
NTA 
conc. 
mM 
Phosphate or metal ions extracted 
pH of (me/100 g of soil)& 
NTA PO4-3 Ca+2 Fe+3 Al+3 
4 0.019 2.97 0.87 0.47 2.19 
6 0.019 2.81 0.66 0.47 2.06 
8 0.010 2.45 0.60 0.44 1.89 
10 0.010 6.80 0.46 0.34 1.50 
4 0.019 3.65 1.08 0.60 2.26 
6 0.019 3.65 1.07 0.57 2.09 
8 0.019 3.67 1.01 0.55 2.08 
10 0.010 6.91 1.08 0.44 1.75 
4 0.039 9.05 3.10 1.41 3.47 
6 0.039 9.54 3.24 1.32 3.34 
8 0.029 10.26 3.12 1.18 2.79 
10 0.058 14.49 4.84 0.77 1.62 
4 0.058 11. Û8 4.26 1.71 4.25 
6 0.048 11.55 4.33 1.32 3.85 
8 0.029 12.94 4.64 1.03 2.12 
10 0.058 14.06 4.85 0.67 1.51 
4 0.068 12.59 4.94 1.62 4.49 
6 0.048 12.90 4.96 1.36 3.64 
8 0.029 14.06 5.28 0.90 2.06 
10 0.068 14.37 5.00 0.62 1.80 
4 0.077 13.22 5.10 1.44 4.31 
6 0.058 13.56 5.19 1.26 3.65 
8 0.029 14.38 5.30 0.84 2.15 
10 0.077 13.94 5.09 0.59 1.63 
10 
50 
100 
200 
300 
^For the conversion of units to ppm, see Table A.l. 
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Table B.6. Amounts of P and metal ions extracted from Ida 
soil (soil No. 1) by NTA solutions of indicated 
pH and concentrations 
NTA 
conc. 
mM 
pH of 
NTA 
Phosphate or 
(me/100 
metal ions 
g of soil) 
extracted 
a 
PO4-3 Ca+2 Pe+3 Al+3 
5 4 0.002 11.98 0.65 0.04 0 
6 0.002 10.37 0.49 0.04 0 
8 0.003 10.83 0.49 0.04 0 
10 0.005 9.79 0.32 0.04 0 
10 4 0.002 19.80 0.88 0.04 0 
6 0.003 19.67 0.88 0.04 0 
8 0.005 19.36 0.82 0.04 0 
10 0.010 18.06 0.84 0.05 0 
50 4 0.019 62.06 3.43 0.21 0.48 
6 0.010 61.44 3.53 0.19 9.39 
8 0.019 61.48 3.66 0.18 0.39 
10 0.058 52.22 3.41 0.06 0 
100 4 0.019 28.07 4.11 0.53 0.60 
6 0.019 24.84 4.23 0.30 0.47 
8 0.019 16.89 4.14 0.37 0.30 
10 0.077 75.39 4.03 0.10 0 
200 4 0.134 7.13 6.04 0.72 0.76 
6 0.184 6.03 5.76 0.65 0.58 
8 0.136 10.74 4.79 0.44 0.36 
10 0.136 79.32 4.60 0.13 0 
300 4 0.436 42.20 6.47 0.78 0.77 
6 0.436 3.70 6.27 0.68 0.61 
8 0.252 13.55 4.83 0.35 0.16 
10 0.174 73.40 4.68 0.14 0 
^For the conversion of units to ppm, see Table A.l. 
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Table B-7. Amounts of P and metal ions extracted from 
Canisteo soil (soil No. 13) by NTA solutions of 
indicated pH and concentrations 
Phosphate or metal ions extracted 
cone PH of (me/100 g of soil)* 
mM PO^'^ ca*2 Fe*^ Al*^ 
5 4 0.029 10.63 0.67 0.03 0 
6 0.029 9.50 0.52 0.03 0 
8 0.029 10.01 0.50 0.04 0 
10 0.048 9.51 0.39 0.11 0 
10 4 0.039 15.32 0.76 0.07 0.33 
6 0.039 15.59 0.76 0.09 0.33 
8 0.039 15.44 0.74 0.07 0.33 
10 0.058 16.97 0.90 0.19 0.79 
50 4 0.116 26.95 2.29 0.26 0.51 
6 0.107 27.66 2.35 0.26 0.30 
8 0.097 29.17 2.31 0.24 0.31 
10 0.174 38.94 3.31 0.18 0.68 
100 4 0.194 31.16 3.18 0.47 0.71 
6 0.174 30.91 3.10 0.32 0.51 
8 0.155 9.89 2.82 0.37 0.51 
10 0.223 40.23 3.46 0.18 0.52 
200 4 0.455 5.06 4.13 0.83 1.33 
6 0.465 3.00 3.70 0.66 1.74 
8 0.242 3.87 3.51 0.34 0.44 
10 0.300 40.66 3.73 0.15 0.20 
300 4 0.475 2.66 4.09 0.81 1.79 
6 0.407 1.52 3.70 0.55 0.85 
8 0.281 8.23 3.66 0.28 0.30 
10 0.281 37.16 3.76 0.16 0.29 
^For the conversion of units to ppm, see Table A.l. 
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Table B.8. Amounts of P and metal ions extracted from Weller 
soil (soil No. 3) by NTA solutions of indicated 
pH and concentrations 
Phosphate or metal ions extracted 
pH of (me/100 g of soil)& Z PO/3 Ca« ^g+2 ^^+3 ^,+3 
5 4 0.019 2.46 0.42 0.55 0.97 
6 0.019 2.12 0.33 0.53 0.82 
8 0.010 2.16 0.30 0.53 0.80 
10 0.019 2.44 0.36 0.35 0.80 
10 4 0.019 3.32 0.50 0.86 1.16 
6 0.019 3.40 0.51 0.77 1.10 
8 0.019 3.49 0.50 0.76 1.05 
10 0.029 5.95 1.05 0.48 1.05 
50 4 0.029 6.35 1.35 1.70 1.59 
6 0.029 6.52 1.38 1.49 1.45 
8 0.029 7.43 1.57 1.26 1.25 
10 0.058 14.62 1.93 0.71 0.99 
100 4 0.039 13.45 2.02 1.96 1.81 
6 0.029 13.98 2.02 1.75 1.57 
8 0.029 14.71 2.15 1.19 1.47 
10 0.048 14.75 2.00 0.63 0.99 
200 4 0.058 14.32 2.19 2.18 2.30 
6 0.039 14.74 2.19 1.82 1.60 
8 0.029 15.02 2.20 0.99 1.46 
10 0.048 15.14 2.09 0.60 1.05 
300 4 0.058 14.72 2.20 2.27 2.82 
6 0.039 14.75 2.18 1.97 1.81 
8 0.029 15.44 2.26 1.05 1.53 
10 0.048 15.83 2.18 0.56 1.16 
^For the conversion of units to ppm, see Table A.l. 
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APPENDIX C. AMOUNTS OF P AND METAL IONS EXTRACTED FROM 
SURFACE AND SUBSOILS WITH 100 mM EDTA ADJUSTED 
TO pH VALUES OF 4, 6, 8, OR 10 
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Soil pH of Phosphate or metal ions extracted 
No. Series extractant (me/100 g of soil) 
PO4- Ca+2 Fe+3 Al+3 
1 Ida 
0-15 cm layer 
4 1.095 100.78 12.93 1.56 2.65 
6 1.240 88.58 11.26 1.11 1.26 
8 1.153 85.78 6.54 0.50 0.68 
10 1.056 84.34 4.31 0.35 0.29 
2 Fayette 4 0.242 8.48 0.99 2.08 2.17 
6 0.145 9.85 1.22 1.79 1.28 
8 0.097 9.62 1.19 1.31 0.87 
10 0.213 9.82 1.21 0.97 1.51 
3 Welier 4 0.087 9.07 1.72 2.59 4.15 
6 0.048 5.28 2.04 2.25 2.76 
8 0.029 9.62 1.19 1.31 0.87 
10 0.077 7.75 1.99 1.21 2.90 
4 Clarion 4 0.155 10.39 2.28 1.29 4.98 
6 0.077 12.08 2.88 0.95 2.51 
8 0.039 12.22 2.88 0.92 2.82 
10 0.116 12.40 2.96 1.17 4.51 
5 Monona 
6 Marshall 
7 Tama 
8 Edina 
4 0.112 
6 0.058 
8 0.043 
10 0.113 
4 0.107 
6 0.048 
8 0.029 
10 0.107 
4 0.266 
6 0.150 
8 0.115 
10 0,320 
4 0.223 
6 0.136 
8 0.087 
10 0.233 
15.23 3.68 
16.93 5.97 
16.76 5.91 
16.45 5.94 
11.95 1.76 
14.28 2.27 
13.87 2.32 
14.34 2.25 
11.83 1.76 
13.66 2.27 
13.79 2.32 
13.45 2.25 
15.47 2.68 
17.47 3.42 
18.58 3.70 
18.49 3.67 
1.83 5.40 
1.39 2.48 
1.32 2.25 
1.26 4.19 
1.85 7.55 
1.52 4.56 
1.32 4.56 
1.69 7.13 
2.66 5.07 
2.00 2.33 
1.85 3.07 
2.10 4.88 
2.80 4.36 
2.21 1.88 
1.94 1.65 
2.16 2.53 
Seymour 4 0.210 15.97 3.30 2.22 5. 08 
6 0.119 19.06 4.86 1.56 2. 12 
8 0.085 18.68 4.61 1.43 2. 00 
10 0.213 18.92 4.61 1.76 3. 63 
^For conversion of units to ppm. see Table A.l. 
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Soil 
No. Series 
pH of 
extractant 
Phosphate or metal ions extracted 
(me/100 g of soil) 
10 
11 
12 
13 
14 
PO -3 Ca +2 Mg +2 Fe +3 A1 +3 
0-15 cm layer 
Webster 4 0.297 14.78 2.95 2.36 6.20 
6 0.210 18.60 4.85 2.15 3.84 
8 0.145 18.72 4.37 2.01 3.61 
10 0.273 18.07 4.32 2.29 4.77 
Clarinda 4 0.442 24.64 3.89 4.73 2.89 
6 0.295 26.92 5.11 3.92 1.34 
8 0.190 27.11 4.78 2.64 0.70 
10 0.384 29.02 4.50 2.40 0.50 
Galva 4 0.746 29.43 3.85 1.83 5.30 
6 0.532 33.23 5.62 1.35 2.58 
8 0.436 34.05 5.99 1.08 1.91 
10 0.688 39.61 5.90 0.87 1.93 
Canisteo 4 0.534 40.47 2.30 1.02 3.65 
6 0.523 51.36 4.90 0.70 1.35 
8 0.368 54.92 4.70 0.52 0.87 
10 0.407 46.52 3.78 0.37 0.59 
Webster 4 0.735 28.74 7.64 1.68 5.62 
6 0.639 39.83 8.18 1.34 2.05 
8 0.510 39.58 9.17 1.13 1.48 
10 1.502 37.87 8.99 0.95 3.97 
15 Ida 4 1.234 95.75 24.16 1.71 2.24 
6 1.547 91.28 18.56 1.32 1.03 
8 1.387 80.22 10.69 0.61 0.64 
10 1.055 75.39 6.36 0.39 0 
16 Weller 4 0.178 5.84 3.76 1.76 10.96 
6 0.043 6.79 5.56 1.68 7.82 
8 0.043 6.73 5.54 1.66 7.89 
10 0.184 6.67 5.57 2.22 10.37 
17 Fayette 4 0.161 9.25 2.17 1.65 3.67 
6 0.061 9.86 2.66 1.47 2.47 
8 0.039 9.49 2.51 1.07 2.21 
10 0.214 10.01 2.72 1.08 3.48 
18 Edina 4 0.022 
6 0.014 
8 0.012 
10 0.035 
11.15 2.95 
10.97 3.98 
12.37 4.58 
12.41 4.49 
1.09 4.78 
0.99 3.12 
0.88 2.43 
1.17 3.56 
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Soil 
No. Series 
19 Monona 
20 Marshall 
21 Clarion 
22 Tama 
23 Ostrander 
24 Clarinda 
25 Webster 
26 Monona 
27 Fayette 
pH of 
extractant 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
Phosphate or metal ions extracted 
(me/100 g of soil) 
PO Ca 
+2 
Mg +2 Fe +3 
30-45 cm layer 
A1 +3 
0. 046 13.32 3.89 1. 16 5. 80 
0. 027 15.99 6.52 1. 03 2. 12 
1. 018 18.86 6.44 0. 81 2. 32 
0. 048 15.60 6.54 0. 55 3. 78 
0. 053 11.77 2.79 1. 13 6. 51 
0. 023 13.82 6.43 0. 84 2. 76 
0. 013 13.27 6.23 0. 64 2. 46 
0. 070 13.74 6.43 0. 97 5. 16 
0. 020 9.74 2.57 0. 81 5. 73 
0. 010 10.45 3.29 0. 71 3. 48 
0. 019 10.73 3.27 0. 64 3. 73 
0. 023 10.51 3.24 1. 07 5. 66 
0. 030 9.29 2.59 1. 48 6. 87 
0. 014 11.20 3.85 1. 14 4. 14 
0. 013 11.30 3.92 1. 09 4. 25 
0. 060 11.09 3.86 1. 66 8. 13 
0. 012 13.23 2.40 0. 80 5. 30 
0. 009 15.99 3.24 0. 69 2. 02 
0. 007 16.20 3.31 0. 66 2. 04 
G. 026 16.24 3.29 X • 00 4. 50 
0. 030 9.17 3.59 1. 31 7. 72 
0. 017 10.63 5.06 1. 28 5. 69 
0. 017 10.24 5.01 1. 30 5. 75 
0. 029 10.52 5.09 1. 98 9. 17 
0. 044 13.99 3.18 1. 39 5. 59 
0. 027 17.52 4.47 1. 09 2. 14 
0. 017 17.04 4.38 1. 05 2. 09 
0. 113 17.23 4.44 1. 40 4. 17 
75-100 cm layer 
1. 044 79.89 19.80 1. 71 3. 30 
1. 204 74.50 15.87 1. 31 1. 38 
1. 018 66.47 9.38 0. 75 0. 91 
0. 895 63.00 3.41 0. 44 0. 05 
0. 651 9.21 3.86 3. 21 6. 87 
0. 305 10.59 5.45 2. 99 4. 59 
0. 171 10.63 5.59 2. 10 4. 25 
0. 738 10.56 5.42 2. 39 6. 06 
191 
Soil 
No. Series 
pH of 
extractant 
Phosphate or metal ions extracted 
(ma/lOO g of soil) 
28 Tama 
29 Marshall 
30 Gal va 
PO -3 Ca +2 Mg +2 Fe +3 
75-100 cm layer 
A1 +3 
4 0.327 11.19 3.89 2.83 7.43 
6 0.107 13.58 6.79 2.09 3.48 
8 0.062 13.36 6.77 1.61 3.51 
10 0.326 13.20 6.53 1.82 5.74 
4 0.285 12.76 2.46 2.27 5.42 
6 0.136 14.53 6.65 1.64 2.55 
8 0.041 14.15 6.66 1.12 2.57 
10 0.194 14.48 6.61 1.14 3.26 
4 0.270 14.22 4.50 1.68 5.88 
6 0.136 15.94 7.49 1.38 3.01 
8 0.041 15.44 7.57 0.84 2.64 
10 0.028 15.62 7.38 0.87 3.82 
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APPENDIX D. AMOUNTS OF P AND METAL IONS EXTRACTED FROM 
SURFACE AND SUBSOILS WITH 100 itlM NTA ADJUSTED 
TO pH VALUES OF 4, 6, 8, OR 10 
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No. 
Soil 
Series 
Phosphate or metal ions extracted 
PH of (me/100 g of soil) 
extractant -3 _ +2 +2 _ +3 +3 PO, Ca Mg Fe 
Ida 
Fayette 
Weller 
Clarion 
Monona 
Marshall 
Tama 
Edina 
Seymour 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
0.019 
0.019 
0.019 
0.077 
0.165 
0.136 
0.097 
0.213 
0.039 
0.029 
0.029 
0.048 
0.077 
0 .068  
0.039 
0.087 
0.045 
0.040 
0.028 
0.067 
0.058 
0.048 
0.029 
0.058 
0.176 
0.145 
0.110 
0.205 
0.145 
0.126 
0.067 
0.203 
0.113 
0.097 
0.067 
0.146 
0-15 cm layer 
28.07 4.11 
24. 84 4. 23 
16. 89 4. 14 
75. 39 4. 03 
8. 44 0. 99 
8. 79 0. 99 
9. 40 1. 09 
9. 52 1. 02 
13. 45 2. 02 
13. 98 2. 02 
14. 71 2. 15 
14. 75 2. 00 
9. 06 2. 37 
8. 80 2. 25 
10. 58 2. 29 
12. 07 2. 47 
13. 63 9. 70 
13. 73 10. 07 
15. 06 10. 05 
17. 03 11. 27 
11. 08 4. 26 
11. 55 4. 33 
12. 94 4. 64 
14. 06 4. 85 
11. 12 4. 19 
11. 06 4. 02 
12. 10 4. 12 
13. 98 4. 44 
13. 99 2. 79 
17. 02 3. 04 
18. 09 3. 11 
18. 30 3. 20 
14. 66 7. 73 
15. 40 7. 41 
15. 70 7. 75 
18. 33 8. 55 
A1 
0.53 
0.30 
0.37 
0.10 
2.12 
1.85 
1.25 
0.63 
1.96 
1.75 
1.19 
0.63 
1.05 
0.92 
0.73 
0.65 
1.33 
1.18 
0.98 
1.71 
1.32 
1.03 
0.67 
1.78 
1.45 
1.34 
1.00 
3.52 
3.17 
2.35 
1.53 
1.30 
1.29 
1.06 
0.89 
0 . 6 0  
0.47 
0.30 
0 
1.23 
0.95 
0.69 
0 . 2 0  
1.81 
1.57 
1.47 
0.99 
3.16 
2.40 
1.61 
1.65 
2.44 
1.81 
1.23 
4.25 
3.85 
2.12 
1.51 
2 . 6 8  
2.11 
1.78 
1.42 
1.61 
1.23 
0 . 6 2  
0.40 
2 . 0 6  
1.64 
1.06 
0.90 
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Soil 
No. Series 
10 Webster 
11 Clarinda 
12 Gal va 
13 Canisteo 
14 Webster 
pH of 
extractant 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
1 A 
Phosphate or metal ions extracted 
15 Ida 
16 Weller 
17 Fayette 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
Ca+2 Fe +3 A1 + 3 
0.210 
0-15 cm layer 
13.00 7.51 1. 73 2. 83 
0.205 12.96 7.14 1. 73 2. 46 
0.150 14.22 6.85 1. 52 1. 89 
0.223 18.82 8.69 1. 36 2. 09 
0.212 21.40 7.89 2. 92 1. 12 
0.208 22.07 7.70 2. 88 1. 09 
0.158 23.35 7.98 2. 20 0. 86 
0.311 26.77 8.55 1. 09 0. 69 
0.387 28.23 4.37 0. 97 1. 42 
0.368 27.28 4.21 0. 83 1. 28 
0.329 32.84 4.56 0. 67 0. 79 
0.591 34.43 5.05 0. 35 0. 31 
0.194 31.16 3.18 0. 47 0. 71 
0.174 30.91 3.10 0. 32 0. 51 
0.155 9.89 2.82 0. 37 0. 51 
0.223 40.89 3.46 0. 18 0. 52 
0.477 23.85 13.34 0. 83 1. 19 
0.471 24.42 13.17 0. 80 1. 11 
0.409 26.18 12.66 0. 68 0. 79 
0.452 36.42 16.55 0. 27 0. 78 
30-45 cm layer 
0.010 31.28 11.11 0. 69 0. 38 
0.010 38.40 11.36 0. 59 0. 38 
0.009 43.53 11.08 0. 49 0. 29 
0.034 68.27 10.85 0. 10 0 
0.143 5.92 9.27 3. 21 9. 48 
0.117 6.10 9.23 2. 10 7. 71 
0.024 6.81 10.05 1. 97 5. 45 
0.173 7.13 9.93 0. 81 3. 12 
0.082 9.35 5.17 1. 91 2. 61 
0.059 9.36 5.01 1. 47 1. 78 
0.024 9.69 5.38 0. 78 0. 82 
0.128 10.22 5.05 0. 34 0. 31 
^For the conversion of units to ppm, see Table A.l. 
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Soil pH of 
No. Series extractant 
18 Edina 
19 Monona 
20 Marshall 
21 Clarion 
22 Tama 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
Phosphate or metal ions extracted 
(me/100 g of soil) 
PO -3 
0.017 
0.016 
0.010 
0.030 
0.009 
0.009 
0 .006  
0.032 
0.021 
0.018 
0.012 
0.040 
0.013 
0.012 
0.011 
0.019 
Ca 
+2 
Mg 
+2 
Fe 
+3 
30-45 cm layer 
10.54 8.16 1.13 
10.29 7.88 0.93 
11.52 8.15 0.79 
12.96 8.62 0.47 
13.49 
13.86 
14.93 
15.85 
11.81 
12.00 
12.70 
14.22 
9.40 
10.20 
10.30 
11.04 
11.12 
11.14 
12.17 
12.90 
10.69 
10.63 
11.07 
12.15 
6.18 
5.96 
6 . 2 6  
6.23 
0.017 9.27 6.90 
0.013 9.19 6.72 
0.012 10.08 6.87 
1.50 
1.31 
0.84 
0.21 
1.51 
1.19 
0.75 
0.34 
0.78 
0.76 
0.51 
0.39 
A1 +3 
2.64 
1.80 
1.06 
0.50 
3.04 
2.44 
1.32 
0.42 
3.56 
2.67 
1.48 
0.70 
3.17 
2.91 
1.85 
1.54 
1.76 4.60 
1.39 3.60 
1.22 2.55 
0.033 S"? 
23 Ostrander 
24 Clarinda 
25 Webster 
4 
6 
8 
10 
4 
6 
8 
10 
4 
6 
8 
10 
0.005 
0.004 
0.003 
0.019 
0.013 
0.010 
0.018 
0 . 0 2 2  
0.021 
0.017 
0.012 
0.027 
12.73 
12.89 
14.03 
15.95 
8 . 6 6  
8.61 
9.75 
10.60 
12.49 
12.49 
13.98 
17.16 
6.23 
5.85 
5.95 
6 . 0 0  
8.98 
8.71 
9.14 
9.59 
7.85 
7.48 
7.44 
8 . 6 6  
1.39 
1.24 
0 . 8 0  
0.45 
1.35 
1.13 
1.12 
0.81 
1.45 
1.16 
0.93 
0.58 
2.48 
1.85 
0.99 
0.84 
4.90 
3.76 
3.04 
2.33 
2.31 
1.67 
0.92 
0.85 
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Phosphate or metal ione extracted 
Soil pH of (me/100 g of soil) 
No. Series extractant ca+: Pe+^ Ai+3 
26 Monona 4 0.010 54.11 12.71 0.64 0.55 
6 0.009 59.37 12.66 0.64 0.48 
8 0.011 59.85 12.61 0.47 0.30 
10 0.071 59.86 12.24 0.10 0 
27 Fayette 4 0.382 9.35 9.45 3.33 3.82 
6 0.366 9.89 9.60 2.96 3.40 
8 0.192 10.58 10.54 1.79 1.70 
10 0.487 10.72 9.84 0.81 0.62 
28 Tama 4 0.155 13.77 13.53 3.07 4.00 
6 0.132 11. C5 11.35 2.54 . 3.11 
8 0.072 12.44 11.97 1.57 1.76 
10 0.202 13.06 12.19 0.60 0.57 
29 Marshall 4 0.054 12.06 11.43 2.92 3.00 
6 0.043 13.26 12.02 2.49 2.35 
8 0.022 13.81 12.70 1.77 1.50 
10 0.110 13.83 12.86 0.28 0.18 
30 Gal va 4 0.051 13.31 12.72 2.15 3.10 
6 0.039 13.71 12.77 1.95 2.57 
8 0.017 14.85 13.58 0.98 1.29 
10 G • 087 15.04 14.58 0.25 0.22 
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APPENDIX E. SIMPLE CORRELATION COEFFICIENTS AMONG P AND METAL 
IONS IN EDTA OR NTA EXTRACTS OF SOILS 
198 
Table E.l. Simple correlation coefficients among P, Ca, Mg, 
Fe, and Al extracted by 100 mM EDTA adjusted to 
different pH values (all soils) 
Variables 
Ca+2 Al^^ 
4.0 1.000 0.876** 0.817** 0.183 -0.435** 
1.000 0.896** -0.075 -0.547** 
1.000 -0.063 -0.373 
1.000 -0.126 
1.000 
6.0 1.000 0.969** 0.862** -0.038 -0.448** 
1.000 0.851** -0.161 -0.507** 
1.000 -0.119 -0.301 
1.000 0.062 
1.000 
8.0 1.000 0.955** 0.640** -0.325* -0.358 
1.000 0.617** -0.405* -0.418* 
1.000 -0.277 -0.007 
1.000 0.265 
1.000 
10.0 1.000 0.768** 0.318 -0.277 -0.448* 
1.000 0.144 -0.562** -0.668** 
I.OOO -0.073 0.164 
1.000 0.560** 
1.000 
D.F. at each pH level = 28 
* 
Significant at 5% level. 
* * 
Significant at 1% level. 
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Table E.2. Simple correlation coefficients among P, Ca, Mg, 
Fe, and Al extracted by 100 mM NTA adjusted to 
different pH values (all soils) 
Variables 
QQ+2 pg+3 Ai+3 
4.0 1.000 0.096 0.004 0.207 -0.103 
1.000 
6.0 1.000 0.083 
1.000 
8.0 1.000 0.176 
1.000 
10.0 1.000 0.079 
1.000 
0.201 -0.479** -0.616** 
1.000 -0.078 0.178 
1.000 0.453 
1.000* 
0.021 0.222 0.070 
0.247 -0.391* -0.581** 
1.000 0.074 0.163 
1.000 0.331 
1.000 
-0.029 —0.066 -0.182 
0,306 -0.281 -0.464** 
1.000 0.040 0.136 
1.000 0.403* 
1.000 
-0.007 0.216 -0.087 
0.065 ~0.466** -0.477** 
1.000 -0.296 -0.093 
1.000 0.499** 
1.000 
D.F. at each pH level = 28 
* 
Significant at 5% level. 
** 
Significant at 1% level. 
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Table E.3. Simple correlation coefficients among ?, Ca, Mg, 
Fe, and Al in EDTA soil extracts containing less 
than 20 me Ca per 100 g of soil 
Variables 
pH Ca*2 Mg"*"^ Fe*3 Al*^ 
4.0 1.000 -0.006 0.160 0.807** 0.041 
1.000 0.251 0.071 -0.275 
1.000 -0.016 0.663** 
1.000 -0.048 
1.000 
6.0 1.000 0.150 0.066 0.825** 0.003 
1.000 0.477* -0.120 -0.439* 
1.000 -0.042 0.155 
1.000 0.148 
1.000 
8.0 1.000 0.138 -0.122 -0.819** 0.032 
1.000 0.346 -0.023 -0.238 
1.000 -0.097 0.391 
1.000 0.278 
1.000 
10.0 1.000 -0.060 -0.021 0.632** 0.002 
1.000 0.299 -0.004 -0.393 
1.000 -0.015 0.298 
1.000 0.489* 
1.000 
D.F. at each pH level = 21 
*Significant at 5% level. 
Significant at 1% level. 
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Table E.4. Simple correlation coefficients among P, Ca, Mg, 
Fe, and Al in NTA soil extracts containing less 
than 20 me Ca per 100 g of soil 
Variables 
pH PO4-3 Ca+2 Mg+Z Fe+3 Al+3 
4.0 1.000 -0.138 -0.058 0.615** 0.070 
1.000 0.227 -0.335 -0.595** 
1.000 0.169 0.353 
1.000 0.278 
1.000 
D.F. = 21 
6.0 1.000 -0.095 -0.043 0.643** 0.118 
1.000 0.114 0.210 -0.589* 
1.000 0.147 0.325 
1.000 0.123 
1.00 
D.F. = 21 
o
 
00 
1.000 -0.132 -0.208 -0.308 -0.117 
1.000 0.055 0.040 -0.561* 
1.000 0.189 0.301 
1-000 0.401 
1.000 
D.F. = 23 
10.0 1.000 -0.137 -0.093 0.511* -0.024 
1.000 0.134 0.243 -0.313 
1.000 -0.393 -0.116 
1.000 0.396 
1.000 
D.F. = 21 
Significant at 5% level. 
* * 
Significant at 1% level. 
